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Abstract The ultrasonic elliptical vibration cutting (UEVC)
technique has been found to be a promising technique for
ultraprecision machining of microstructural functional surfaces. However, the current UEVC technique can’t achieve
higher frequency ultrasonic cutting due to its rigid orthogonal vibration transmission. To further study the cutting mechanism and removal characteristics in high frequency UEVC
of microstructural surface, the UEVC based on flexible guided
wave transmission is proposed which can achieve 96.8 kHz.
The influence of bending vibration of guided wave band on
longitudinal vibration is elaborated with the model of the
bending vibration dynamic model of the guided wave. The
model of elliptical trajectory deflection of tool tip is established. Based on the theoretical modeling and finite element
simulation, the residual height and material removal characteristics of elliptic trajectory with variable deflection an-

gle are simulated and analyzed. The results show that when
the deflection angle is between 10° and 70°, the tangential
force is small and stable. Finally, the cutting experiments of
micro-pyramid reflective mold in guided wave UEVC and
conventional cutting (CC) are carried out. Compared with
CC, high-frequency UEVC can obtain micro-pyramid elements with average roughness of 5.21 nm, that verifies the
applicability of high-frequency UEVC in precision machining of microstructure.
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With the development of science and technology products
towards high performance, high precision and high integration, microstructural functional surfaces have attracted extensive attention and research due to their advantages in mechanical, physical, chemical properties and easy integration
[1–3]. The ultra-precision microstructure function surface
mold is mainly manufactured by ultra-precision turning, ultraprecision grinding, chemical etching, energy field assisted
machining and so on [4, 5]. In contrast, ultra-precision cutting technology is an important method to manufacture the
microstructure surface mold because of its high machining
deterministic, high accuracy surface and wide applicability.
In the past precision cutting process, the material removal
characteristics change obviously when the depth of cutting
is increased [6]. The workpiece is easy to produce defects
such as residual stress, tear and burr, which cause serious
tool wear, affect the profile accuracy and surface roughness
of the machined surface, and then restrict their application
and development.
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1 Introduction
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To improve the machining accuracy of microstructure surface mold, UEVC technology is introduced as the main manufacturing method. UEVC technology was first proposed
and developed by Shamoto and Moriwaki [7, 8]. Two groups
of PZT plates are arranged symmetrically on the four faces
of the column horn, and the excitation voltage with specific
phase difference is applied to make the horn produce the
same frequency first-order bending resonance mode, and the
two bending vibrations are overlayed to form the elliptical
trajectory of the tool tip. Then the improved elliptical vibration cutting device with third order resonant mode by them
[9]. Since then, based on the theory of elliptical vibration
cutting, many scholars have proposed and set up the elliptical vibration cutting device such as longitudinal-bending
resonance type [10], rigid orthogonal excitation type [11]
and Langevin type [12], etc.
Compared with conventional cutting, because of the elliptical vibration of the tool tip, the contact and separation between the tool and the workpiece are strengthened, the effect
of ultrasonic cutting is increased, the cutting force of the tool
is improved, and the lubrication and cooling efficiency of the
cutting process are improved [13, 14]. To further study the
cutting mechanism and material removal characteristics of
elliptical vibration cutting, scholars have carried out various
research based on the elliptical vibration cutting device [15–
17]. Shamoto found that the cutting depth and speed of the
tool are always changing in the process of elliptical vibration
cutting, and put forward the mathematical model of transient
tool position, average shear angle and transient cutting force
[7]. Based on the comprehensive analysis of TOC (thickness
of cut), transient shear angle and transient reversal friction,
Zhang established the analytical model of cutting force for
orthogonal elliptic vibration cutting and verified the accuracy of the model through experiments [18]. Jiang realizes
high-speed intermittent ultrasonic vibration cutting by using
phase control, which can effectively reduce cutting force by
20% - 50%, increase tool life by 1.5-3.0 times, and the machining efficiency can be increased by 90% [19]. Kim studied the characteristics of elliptical vibration cutting in micro V-grooving by using orthogonal piezoelectric ceramic
transducers. It is found that the separation and contact between tool and workpiece was the prerequisite to realize the
advantages of EVC [20–22]. In EVC, the cutting force is
significantly reduced, and the excitation frequency or acceleration slightly increased [23–25].
As the UEVC system has a special tool tip trajectory, and
the excitation frequency of the cutting system is generally
concentrated in 20-50 kHz, the cutting speed is limited and
the machining efficiency is low [26–28]; however, the highfrequency UEVC system has some shortcomings such as
complex structure design, difficult coupling of vibration transmission, poor trajectory control accuracy, etc., which lead to
the removal of high-frequency UEVC technology are few re-
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ports on the cutting characteristic in microstructure surface
mold. Therefore, in the present research, a high-frequency
UEVC device with the resonant frequency of approximately
100 kHz is built by using the guided wave band to transmit
vibration, and two longitudinal vibration transducers are set
up to excite the longitudinal and bending vibration modes
of cutting tools. Based on the flexible guided wave propagation, the orthogonal excitation vibration coupling model
is established, and the finite element simulation of the influence of elliptic trajectory deflection on the cutting process is
carried out. Finally, guided wave UEVC device is applied to
machine micro-pyramid reflective mold, and cutting experiments are carried out to verify the ultra-precision machining
ability of high frequency guided wave UEVC technology.

2 Principle of Elliptical Vibration Cutting
In elliptical vibration cutting, two orthogonal transducers
with phase shift or resonant transducers are often used to
excite the tool to produce vibration in two directions at the
same time. The principle of elliptical vibration cutting is
shown in Fig.1. The diamond tool moves along the x-axis direction, and each cutting cycle can be divided into four processes: first, the tool starts cutting from point A on the previous machined surface and reaches the bottom point B, and
the workpiece is compressed downward by the tool and elastic deformation occurs; secondly, the tool moves from point
B through point C to reversal friction point D. The vibration velocity of rake face along horizontal direction is less
than that of chip flow, and the chip is compressed downward
by friction force, which is consistent with the conventional
cutting process; at point E, the friction force between the
rake face and the chip becomes zero. Then, the tool moves
from point E to point F, as the velocity of the rake face in
the horizontal direction is less than the flow velocity of the
chip in this process, the friction force changes reversal direction, and the chip is pulled up by the friction force. Finally,
the tool separates from the workpiece at point F and enters
the next cutting cycle, and the chip is no longer subject to
friction. When the chip is subjected to reverse friction, the
average friction force in the whole cutting cycle could be
less than zero. The elliptical vibration of the tool will also
change the shear angle of the contact area between the tool
and the workpiece. At the same time, due to the separation
of the tool and the workpiece, it is helpful to achieve better
cutting lubrication.
When the tool moves along the negative direction of x-axis
with the cutting speed of v and the angular frequency of ω,
the motion trajectory of the tool tip is as follows:

x(t) = a cos ωt − vt
(1)
y(t) = b cos(ωt + φ )
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(a) Schematic diagram of the orthogonal guided wave UEVC
device

Where a and b are the tangential and normal amplitudes of
cutting vibration respectively, and the phase shift of the orthogonal vibration excitation is φ .

3 Guided Wave Ultrasonic Elliptical Vibration Cutting
Technology
3.1 Guided Wave Ultrasonic Elliptical Vibration Cutting
Device
In order to improve the precision machining quality of micropyramid reflective mold, an orthogonal elliptical vibration
cutting device based on guided wave transmission technology is proposed. Fig.2(a) shows a schematic illustration of
the guided wave elliptical vibration cutting device whose
resonant frequency is approximately 100 kHz. The device
consists of dual channel ultrasonic generator (DCUG), full
wavelength longitudinal vibration transducer (FWLVT), guided
wave band (GWB), tool head (TH) and single crystal diamond tool (SCDT). The two full wavelength transducers
are excited by high frequency sinusoidal excitation with the
same frequency and a certain phase shift through a dual
channel ultrasonic generator to generate the longitudinal vibration of the full wavelength transducer. The guided wave
band with weak coupling in non-transmitting direction is
used to transmit the vibration. Wherein, the longitudinal mode
of tool head is excited by the guided wave band of y direction and bending mode of tool head is excited by guide
wave band of x-direction. By combining the two resonant
vibrations, the diamond tool tip forms an elliptic trajectory.
Fig.2(b) shows the harmonic response simulation analysis
of the device with FEA. According to the simulation results,
the resonance frequency of the device is 99.4 kHz.

(b) Harmonic response simulation of the guided wave UEVC device
Fig. 2 Guided wave UEVC device

3.2 Influence of Bending Vibration of Guided Wave Band
on Longitudinal Vibration
The guided wave band is a kind of vibration transmission
medium, which makes the longitudinal wave or transverse
wave in the guided wave band reflect back and forth on the
parallel boundary and travel along the direction of the parallel plate surface to complete the guided wave transmission.
The typical structures of the guided wave band are cylindrical and plate-shaped, which can excite longitudinal mode
and multi-order bending mode in the process of guided wave
transmission. The cross-section of single guided wave band
is small, and the acoustic load impedance is exceedingly
small, which makes it has good unidirectional dynamic stiffness characteristics. At the same time, due to its flexible
structure, it has weak coupling characteristics in the nontransmission direction, which makes the transmission coupling efficiency of the orthogonal guided wave bands higher.
For the UEVC device with orthogonal excitation, when rigid
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structure coupling is adopted, there is a large vibration interference of orthogonal excitation, which influences the natural frequency and the main mode of vibration mutually, and
finally leads to a big elliptic trajectory error at the tool tip;
the guided wave transmission can avoid the orthogonal coupling error and improve the coupling quality of the vibration system. As shown in Fig.2, the guided wave UEVC
device is driven by two longitudinal vibration mode guide
wave bands. Therefore, it is necessary to avoid the highfrequency bending vibration mode generated by the guided
wave bands, so as to reduce the impact on the coupling efficiency of longitudinal vibration transmission. In addition,
the transmission of longitudinal vibration generated by full
wavelength longitudinal vibration in guided wave band will
be affected by bending vibration due to the Poisson effect.
In order to explore the mutual influence and impedance frequency characteristics of orthogonal guided wave transmission, it is necessary to establish the differential equation of
guided wave band bending vibration. First, the following assumptions are made to simplify the analysis:
(1) The central principal axis of each section of the guided
wave band are in the same plane, and the transverse vibration occurs in this plane.
(2) The cross section of the guided wave band is much smaller
than its length, so the influence of moment of inertia and
shear deformation can be ignored.
(3) The transverse vibration of the guided wave band is in
accordance with the assumption of small deflection plane
bending, that is, the amplitude of transverse vibration is small
in the linear range.
According to the hypothesis, the transverse free vibration
model of guided wave band is established, as shown in Fig.3.
The cross-section area of the guided wave band is s, the mass
of unit length is m, the density is ρ, the moment of inertia of
the cross-section is I, and the bending strength of the crosssection is EI. The shear force and bending moment of the
micro element dx at the cross-section x of the guided wave
band are Q and M respectively.

According to D’Alembert’s principle, the inertial force
generated by the micro element dx can be expressed as:


∂ 2y
∂Q
dx − ρSdx 2 = 0
(2)
Q− Q+
∂x
∂t
The equation can be simplified as:
∂Q
∂ 2y
= −ρS 2
∂x
∂t

(3)

Similarly, according to the mechanics of materials, any point
on the right side of the micro element dx is taken as the moment balance equation, and then


∂2
∂ 2y
∂ 4y
∂ Q ∂ 2M
=
=
EI
= EI 4
(4)
2
2
2
∂x
∂x
∂x
∂x
∂x
By substituting the equation 4 into equation 3, the equation
of motion for transverse free vibration of the guided wave
band with uniform section can be obtained:
∂ 4y
1 ∂ 2y
=
−
(5)
∂ x4
a2 ∂t 2
q
EI
Where a = ρS
. Therefore, the mode function of transverse
free vibration of the guided wave band can be expressed as:
Y (x) = A sin λ x + B cos λ x +C sh λ x + D ch λ x

(6)

Where A, B, C, D is the boundary parameter. After introducing the Krylov function, the above equation can be expressed
as follows:
Y (x) = C1 S(λ x) +C2 T (λ x) +C3U(λ x) +C4V (λ x)

(7)

When the longitudinal vibration transducer and tool head are
connected by the guided wave band, one end of the longitudinal vibration transducer is fixed, and the other end of the
tool head is free. The boundary condition of the guided wave
band is that one end is fixed and the other end is free:

C1 = C2 = 0

C3 S(λ l) +C4 T (λ l) = 0
(8)

C3V (λ l) +C4 S(λ l) = 0
As a result:

ρSdx(∂²y/∂x²)
y

M

S(λ l) T (λ l)
=0
V (λ l) S(λ l)
M+(∂M/∂x)dx

Q
z

The approximate mathematical expression of non-zero roots
can be obtained by graphic method:

Q+(∂Q/∂x)dx
dx
l

Fig. 3 Transverse free vibration model of guided wave band

2i − 1
π(i = 3, 4 · · · )
(10)
2
Then, the natural frequency of transverse vibration of guided
wave band is

 s
2i − 1 2 EI
ωni =
π
(i = 1, 2, · · · )
(11)
2l
ρS

λ1 l = 1.875λ2 l = 4.694λi l ≈
x

x

(9)
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In the same way, the modal function of transverse vibration
of guided wave band can be obtained as:
Yi (x) = cos λi x − ch λi x+
cos λi l + chλi l
(sin λi x − sh λi x)
sin λi l + sh λi l

(12)

Fig.4 is the four-order bending modes of the guided wave
band UEVC device. When the guided wave band is in the
τth order bending vibration (transverse vibration), there will
be τ + 1 bending vibration displacement points. Generally,
the bending vibration produced by UEVC device is less than
the fifth order.
When the guided wave band is a plate-shaped, the inertia
Fig. 5 The relation between the order of the plate-shaped guided wave
band and the fundamental frequency of bending vibration

Fig. 4 Bending mode of guided wave band in orthogonal UEVC device

moment I of the cross-section to the central principal axis
is:
bh4
(13)
12
Where b is the width of the plate-shaped guided wave band
and h is the thickness of the plate-shaped guided wave band.
By substituting equation 13 into equation 11, it is found that
the thickness h is the main factor affecting the bending vibration fundamental frequency of the plate-shaped guided
wave band. Fig.5 shows the relationship between the order
of the plate-shaped guided wave band and the bending vibration fundamental frequency.
It can found that the higher the order is, the more significantly the bending vibration fundamental frequency of
the plate-shaped guided wave band will increase; when the
lower thickness of the guided wave band is used, the bending vibration fundamental frequency can be significantly reduced. Therefore, the design of plate-shaped guided wave
band follows the following two principles:
(1) The lower thickness should be chosen as far as possible

to ensure the UEVC device is reasonable when selecting the
plate-shaped guided wave band.
(2) The bending vibration of UEVC device should be selected at the low order, so that the fundamental frequency of
its bending vibration is far less than the resonant frequency
of the system.
Based on the above analysis, for the UEVC device of which
resonant frequency is approximately 100 kHz, when the longitudinal vibration transducers are excited in orthogonal direction at the same time, the bending vibration generated by
one directional transducer has almost negligible influence on
the longitudinal vibration generated by the other directional
transducer in guided wave UEVC device. The two longitudinal vibration transducers can transmit the longitudinal
vibration independently through the guided wave band, obtained good coupling effect.

I=

3.3 Modelling of The Tool Tip Elliptic Trajectory Deflect
In elliptic vibration cutting, elliptic trajectories with different positions can be formed by controlling of trajectory motion parameters, which will affect the machining surface quality, tool wear and cutting residual height. For orthogonal
UEVC device, the motion parameters of tool tip elliptic trajectory mainly include amplitude, phase shift and deflection
angle. In the tool tip elliptic trajectory motion parameter,
the control of amplitude and phase shift only needs to adjust
the excitation voltage and the phase shift of input excitations, while the control of deflection angle needs to ensure
the same shape and different deflection angle of the tool tip
elliptic trajectory, the essence of which is coordinate transformation around the center of the elliptic trajectories.
The elliptic trajectory deflection model of the tool tip is
shown in Fig.6, the elliptic trajectory of the tool tip in the
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Fig. 6 Tool tip elliptic trajectory deflection model

Oxy plane is transformed from P1 to P2 , and the deflection angle is τ; Similarly, the tool tip elliptic trajectory P‘1
in O1 x1 y1 plane is transformed into P‘2 . In Oxy plane, the
amplitudes of the tool tip elliptic trajectory after deflection
are a and b, while the amplitudes n and m relative to its major axis and minor axis remain constant with the variation of
deflection angle η.
When the tool tip moves from P1 to P‘1 in continuously cutting, the motion equation of the tool tip elliptic trajectory
relative to the workpiece is


x(t) = m sin(2π f t + θ ) + vt
y(t) = n cos(2π f t)

(14)

Where, θ is the phase shift before deflection; f is the resonant frequency; v is the cutting speed. When the tool tip
elliptic trajectory deflects around the center of the ellipse,
the coordinates after rotation can be expressed as follow:


 


x0 (t)
cos η − sin η
x(t)
=
y0 (t)
sin η cos η
y(t)

(15)

By combining the above two equations, the amplitude a, b
and phase shift β of the tool tip elliptic trajectory P2 after
deflection in Oxy plane are obtained, which is:

(b) The relationship between deflection angle and amplitude after
deflection
Fig. 7 The relationships between deflection angle and phase shift and
amplitude

3.4 Modelling of The Elliptic Trajectory Cutting Residual
Height

The most intuitive performance of the machining surface
is the cutting residual height due to the difference of the
tool tip ellipse trajectory. Shamoto deduced a mathematical
model between the cutting residual height and the longitudip

a = pm2 cos2 η + n2 sin2 η
nal amplitude, frequency and phase shift [7]. Kim proposed



2 sin2 η + n2 cos2 η
b
=
m



 another calculation method [20], which shows that the resid
ual height is directly proportional to the square of the lonm
cos
η
m
sin
η

 β = arccos √
− acrsin √ 2 2
m2 cos2 η+n2 sin2 η
m sin η+n2 cos2 η gitudinal amplitude and relative cutting speed, and inversely
proportional to the square of frequency and of the transverse
(16)
amplitude. The calculation model of the residual height of
According to the amplitude m, n and deflection angle η, the
elliptic trajectory is shown in Fig.8.
amplitude a, b and phase shift β after deflection are solved,
The ellipse in Oxy plane is the tool tip trajectory of the
and the result is shown in Fig.7.
current cycle; the ellipse in the O1 x1 y1 plane is the tool tip
trajectory of the next cycle. According to the elliptic shape,
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the model is as follows:

 r
 2



ht = A2t
1 − f Av c

!
r
 2
 

At
v

1 − 1 − f Ac

 Rth= 2

machining, the residual height is also affected by cutting
force and cutting angle.

(17)

Where, ht is the distance between the intersection point of
the elliptic trajectory of the two periodic tool tips and the
x-axis; At is twice the amplitude n in y-axis; Ac is two times
the amplitude m in x-axis. To achieve the separation of tool
and workpiece, speed ration (SR, the ratio of cutting speed
to maximum vibration speed) should be less than 1. As SR is
less than 1, f Ac /v is greater than 1. By means of the Taylor
series transformation, the residual height is approximately
as:

Rth ≈

At
4



v
f Ac

2
(18)

Considering the influence of tool tip elliptic trajectory deflection, the equation 16 is substituted into equation 18 to
obtain the residual height model of variable deflection angle
tool tip ellipse trajectory:
Rth =

1
4

1
=
8



  2
   2
At
v
1 b
v
=
2
2
Ac
f
8 a
f
! 
p
2
2
2
2
m sin η + n cos η
v 2
f
m2 cos2 η + n2 sin2 η

(19)

The relationship between deflection angle and residual height
is obtained as shown in the Fig.9.
When the deflection angle increases, the residual height decreases first and then increases; when the deflection angle is
90°, the residual height is the minimum. In practical UEVC

3.5 Resonance Frequency and Tool Tip Elliptic Trajectory
Test of The Guided Wave UEVC Device
Based on the above guided wave band transmission theory
and tool tip trajectory analysis, the UEVC device is shown in
Fig.10 after the parts are precisely manufactured and assembled. In order to test the resonant frequency of the UEVC
device and verify the cutting ability and the controllability of
the tool tip elliptic trajectory of the orthogonal guided wave
UEVC system, impedance analyzer (ZX-70A-200khz) and
Doppler laser vibrator (NLV-2500) are used to detect and
analyze the resonant frequency of the system and the tool
tip motion trajectory.
The test result shows in Fig.11. According to the test,
the resonant frequency of the longitudinal mode Fs is 96.86
kHz, and the anti-resonant frequency F p is 101.78 kHz; the
resonant frequency of bending mode Fs is 96.83 kHz, and
the anti-resonant frequency F p is 102.38 kHz. The difference of the resonant frequency of the two directions is 0.03%,
indicating that the UEVC device can achieve the same frequency excitation in orthogonal directions. The results of the
laser vibrometer show that the amplitude in orthogonal directions of the tool tip is 0.55 µm and 0.46 µm respectively
at the initial voltage of 3 V and amplification of 38 times. By
changing the phase shift, the elliptic trajectory of the actual
tool tip is partially deformed, but it is still deflected with the
phase shift, which has a good consistency in general, indicating that the UEVC system can achieve higher response
accuracy, controllability and stability.
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Fig. 11 The elliptic trajectory of the guided wave UEVC device
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(a) The guided wave UEVC device
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Fig. 12 FEA model of the UEVC

(b) Test of resonant frequency and amplitude with laser vibrometer
Fig. 10 The guided wave UEVC device and the test of resonant frequency and amplitude

4 Simulation of Ultrasonic Elliptical Vibration Cutting
4.1 Model of The Ultrasonic Elliptical Vibration Cutting
The FEA method is applied to simulate the elliptic trajectory of the tool tip with variable deflection angle, the cutting force, tool temperature, chip and surface morphology
in UEVC, so as to further explain the UEVC cutting mechanism and obtain the optimized surface machining parameters. The cutting model is shown in Fig.12. The analysis
process is as follows: first, micro-machining process was
adopted (suitable for cutting with the resonant frequency
100 kHz and the amplitude less than 1 µm); secondly, the

workpiece geometry and material Settings, the material is
chosen C77700Brass(US); the tool size and the material,
which is Single Crystal Diamond, and the mechanical and
thermal boundary conditions are defined; then, the cutting
parameters are set (cutting depth, feed, cutting speed, etc.);
finally submit the calculation. The simulation parameters are
shown in Table 1.

Table 1 Simulation parameters
Parameters

Unit

Value

Rake angle
Relief angle
Tool radius
Initial temperature
Resonant frequency
Vibration Amplitude m
Vibration Amplitude n
Phase shift θ
Cutting depth
Cutting speed

°
°
µm
°C
kHz
µm
µm
°
µm
mm/s

0
14
0.2
20
100
0.35
0.4
90
0.6
50
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4.2 Analysis of The Cutting Force and Temperature of The
UEVC With Varied Deflection Angle
Fig.13 shows the cutting force and tool temperature analysis
of UEVC with variable deflection angle, the model used in
simulation changes from vertical elliptic trajectory (VET) to
horizontal elliptic trajectory (HET).

9

trajectory, which reduces the sharpness of the tool. Although
it can reduce the impact force, it also increases the cutting
force. The trend of tool temperature is consistent with the
law of cutting force, but the change of tool temperature is
not so obvious.

4.3 Analysis of The Chip of UEVC With Varied Deflection
Angle

(a) Average cutting force

Fig.14 shows the analysis of chip by UEVC with variable
deflection angle. In Fig.14(a), with the increase of deflection
angle, the chip is in strip shape, which is mainly concentrated between the deflection angle of 20° and 70°. The result shows that, because of the small change of cutting force,
the cutting process is more stable, so it is easier to get better
surface quality.
In Fig.14(b), when the deflection angle is 0° and 90°, the
chip thickness is basically the same, but the chip status is
different. The chips of 90° deflection angle (HET) become
smaller spiral curvature, indicating that the sharpness of the
tool is lower, less impact, more suitable for brittle materials
processing; The chips of 0° deflection angle (VET) turn into
larger spiral-shaped curvature, indicating a higher sharpness
of the tool, and the friction reversal effect is more obvious.
It is more suitable for the processing of high hardness materials, so as to obtain continuous and smooth chips and avoid
secondary damage to the processed surface caused by chip
breakage.

4.4 Simulation Comparison Between UEVC and CC

(b) Tool temperature
Fig. 13 Simulation of the cutting force and temperature of the tool in
UEVC with variable deflection angle

When VET changes to HET, the deflection angle η increases from 0° to 90° and the tangential force is more than
twice of the normal force, indicating that the tangential force
is always the dominant force for chip removal in UEVC
with variable deflection angle, which is different from that
in UEVC with variable phase shift [29]. When η is between
10° and 70°, the average cutting force is relatively stable; at
about 20° and 70° the cutting force decreases, and after 70°
rises obviously. HET (η = 90°) is a typical tool tip elliptic

In order to compare the trend of cutting force in UEVC
and CC, the simulations of the influence of different cutting depth and cutting speed on cutting force are carried out.
The analysis results are shown in Fig.15. According to the
Fig.15(a), the cutting force increases with the increase of
cutting depth. The cutting force of UEVC is far less than
that of CC, and the tangential cutting force is about twice
of normal cutting force. When the cutting depth changes,
the cutting force caused by the change of phase shift also
fluctuates. When the cutting depth is less than 0.5 µm, the
cutting force with phase shift of 90° is the minimum; when
the cutting depth is 0.5 µm to 1 µm, the cutting force with
phase shift of 60° is less than 90°; when the cutting depth is
greater than 1 µm, the cutting force increases significantly;
when the cutting depth is greater than 3 µm, the influence of
phase shift decreases; when the cutting depth is greater than
0.5 µm, the cutting force with phase shift of 120° is always
kept the minimum; until the cutting depth is 3 µm, the influence of phase shift will be reduced.
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(a) Relationship of cutting depth and cutting force

(b) The chip thickness of the UEVC with varied deflection angle
Fig. 14 Simulation of the chips of the UEVC with varied deflection
angle
(b) Relationship of cutting speed and cutting force

In Fig.15(b), the tangential cutting force of CC is always
greater than the normal cutting force, and the cutting force
first increases and then decreases slowly with the increase
of cutting speed. This is because when the cutting speed is
low, the tool tip will form built-up edge, then the cutting
force will increase. When the cutting speed reaches a certain
value, the built-up edge will disappear and the cutting force
will be appropriately reduced (UEVC technology basically
solves the problem of built-up edge due to the ultrasonic vibration). In UEVC machining, the tangential cutting force
increases first and then decreases slowly with the increase
of cutting speed, while the normal cutting force increases
continuously. When the cutting speed is about 200 mm /
s, the normal cutting force exceeds the tangential cutting
force. This is because when the cutting speed exceeds the
critical cutting speed, the elliptical cutting path of the tool
tip changes from intermittent cutting to continuous cutting,
and the contact time between the tool and the workpiece increases, making the normal cutting force become the dominant force. For the UEVC machining, the cutting speed is
generally less than 1 / 2 of the critical speed. Therefore, the

Fig. 15 Comparison of cutting forces between UEVC and CC at different cutting depths and speeds

cutting force of UEVC is always lower than that of CC, and
the cutting force with phase shift of 60° is lower than that of
CC, which is more conducive to improve the surface quality.
Fig.16 shows the chip comparison between UEVC and
CC under different cutting depths and speeds. With the increase of cutting depth, chip of UEVC is thinner and continuous than that of CC technology, which is more conducive
to machining surface quality. When the cutting depth is less
than 0.5 µm, although both UEVC and CC machining can
both cause chip fracture, there are still some differences. The
chip of CC machining is close to segment, while chip of
UEVC continuity is better, which also proves that UEVC
technology has the advantages of prolonging tool life and
improving surface quality; with the increase of cutting speed,
the chip thickness first increases and then decreases. In UEVC,
the cutting speed has a great influence on the chip and the
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Fig. 16 Comparative analysis of chips between UEVC and CC at different cutting depths and speeds

residual height of the tool mark on the machined surface.
For UEVC machining, the higher the cutting speed is, the
smaller the overlapping area of the intermittent tool tip elliptic trajectory is until it exceeds the critical cutting speed
and becomes continuous cutting. As a result, the maximum
residual height increases, which leads to the decrease of machined surface quality and the enhancement of sawtooth on
the back of chip. In CC machining, when the cutting speed is
low, the sharpness of the tool decreases and the chip breaks.
When the cutting speed is increased, the chip continuity becomes better, but too high cutting speed will also deteriorate
the surface quality of machining.
Fig.17 shows the variation of chip thickness under different parameters of UEVC and CC. The trend of chip thickness is similar to that of cutting force, and the chip thickness of UEVC is much lower than that of CC. The larger the
phase shift, the thinner the chip is. According to Fig.16(a)
and Fig.17(a), it is found that when the cutting depth is less
than 0.6 µm, the change of UEVC chip thickness is relatively stable, but it is easy to cause chip fracture; when the
cutting depth is 0.6 µm to 2 µm, the increase rate of chip
thickness is accelerated, and the chip continuity is good;
when the cutting depth is greater than 2 µm, the chip thickness changes smoothly; when the cutting depth continues to
increase, the chip thickness tends to the thickness of CC,
and the advantage of UEVC is vanished. In Fig.17(b), the
chip thickness first increases and then decreases. When the
cutting speed is greater than 200 mm/s, the cutting thickness
with phase shift of 120° exceeds that with the phase shift
of 90°. This is because when the cutting speed is about 200
mm/s, the normal force with phase shift of 120° exceeds the

(b) Relationship between cutting speed and chip thickness
Fig. 17 Comparison of chip thickness between UEVC and CC at different cutting depths and speeds

main cutting force, which is conducive to chip removal.

5 Micro-pyramid Reflective Mold Cutting Based on The
Guided Wave UEVC Technology
5.1 Experimental Facilities and Micro-pyramid Mold
Machining Strategy
The micro-pyramid reflective is to imprint the micro-pyramid
topological array on the surface of the film by the mold, so
that the incident light passes through many times of reflection and refraction inside the film to form parallel reflected
light, so as to realize the reflective function. As shown in
Fig.18(a), the micro-pyramid array is obtained by three times
of cutting in three directions with 60° intersection angle by
using V-groove cutting method. Firstly, after finishing the
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(a) Micro-pyramid reflective mold machining strategy
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first cutting at a fixed interval, the mold is arranged in a Vshaped groove; secondly, the workpiece is rotated 60° for
the second cutting to obtain the diamond surface; finally, the
workpiece is rotated 120° to complete the third cutting to
form a micro-pyramid array. To achieve high profile precision and mirror quality of micro-pyramid reflective mold,
a five axis ultra-precision machine tool is used as the main
facility of cutting experiment, and the cutting experimental
research is carried out. The structure of the machine tool is
shown in Fig.18(b). The X, Y and Z are linear axis driven
by linear motor and fully constrained hydrostatic guide. The
stroke of three linear axis is 350 mm, 300 mm and 150 mm;
B-axis is the rotation axis, which is set on the Z-axis and
is driven by brushless DC motor to achieve positioning accuracy of ± 1.0 arc seconds; C-axis is the spindle of machine tool with positioning function, which can achieve positioning accuracy of ± 1.0 arc seconds ; the coolant is oil
mist. The guided wave UEVC device (resonance frequency
96.8 kHz and amplitude 0.55 µm) is fixed on the C-axis
through an extension rod, and the workpiece is fixed on the
B-axis rotation worktable. When the C-axis is fixed and the
guided wave UEVC device has no excitation input, the cutting mode is conventional cutting. After inputting the excitation, it can be changed into ultrasonic elliptical vibration
cutting. Through the translation of linear axis X, Y and Z
axis and the rotation of B-axis, the micro-pyramid topological array is realized.
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Guided wave
UEVC device
C-axis

Workpiece

B-axis
Z-axis

(b) Five-axis machine tool with guided wave UEVC device
Fig. 18 Five-axis ultra-precision machine tool and micro-pyramid reflective mold machining strategy

5.2 Comparative Experiment of Plane Machining With
UEVC and CC
Fig.19 shows the plane cutting experiments of UEVC and
CC at different cutting depths. When using UEVC technology, the cutting depth below 3 µm has little influence on
surface roughness, and the surface roughness is better at cutting depth 0.6 µm which is 0.014 µm. In CC processing, the
varied cutting depths lead to the varying degree of tool mark
and residue on machined surface, and the better roughness
is 0.032 µm when the cutting depth is 1.2 µm. According
to Fig.19(b), the surface roughness obtained by UEVC at
the same cutting depth is superior to CC. Tiny cutting depth
results in crumpled chip, while excessive cutting depth increases the cutting resistance, both of which tend to deteriorate the machined surface.
Fig.20 shows the Comparison of UEVC and CC plane
machining under varied cutting speeds. With the increase of
cutting speed, the residual height of tool marks in the cutting direction of UEVC machining significant increase, especially when the cutting speed exceeds the critical cutting
speed. In CC machining, both sides of Z direction (feed direction) are extruded each other, and there are large sticky

substances on the surface. In comparison, the UEVC technology restrains the extrusion and tool marks through plane
machining, and the surface quality is better than that of CC.
Fig.20(b) shows the roughness of CC and UEVC, the surface
roughness of UEVC machining is the minimum at 0.015 µm
when the cutting speed is 50 mm/s. When the cutting speed
exceeds the critical cutting speed (≥ 280 mm/s), the surface
roughness growth obviously, while the surface roughness of
CC machining is the minimum at 0.043 µm when the cutting
speed of 125 mm/s. Compared with CC, the surface roughness of UEVC is smaller and the surface roughness is reduced by 50%.
The chips of plane cutting are collected at the cutting
speed is 125 mm/s, the cutting depth is 1.2 µm, and the feed
rate is 0.5 µm. The SEM results are shown in Figure 21. The
chip in CC is thicker, continuous and banded, while the chip
in UEVC is thinner and the curl curvature is larger, which is
conducive to chip removal. It can be seen that the chip accumulation obtained by UEVC is denser, which shows that
UEVC can effectively suppress the generation of the sawtooth chip and maintain cutting process stability.
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Fig. 19 Comparison of UEVC and CC plane machining under varied cutting depths

5.3 Experiments of The Micro-pyramid Reflective Mold in
Guided Wave UEVC
Fig.22(a) is the SEM test of the micro-pyramid reflective
mold in UEVC and CC. It can be found that there are some
chips remain in the V-groove during CC processing, while
the chips residual doesn’t exist in UEVC processing. Moreover, the UEVC processing takes the advantages of suppressing the burr, especially in the intersection of the three
cutting directions at the bottom of the micro-pyramid. UEVC
only produces small material extrusion in local area but does
not form burr. In UEVC machining, compared with the oxygen free copper mold, the surface of single crystal copper
mold forms many ”wrinkles”, which is due to the friction
between the tool and the workpiece surface due to other material characteristics, resulting in the regenerative chatter of
the cutting system. Fig.22(b) and 22(c) show the results of
micro-pyramid reflective mold and surface roughness mea-

surement. The processing angle of V-groove is 70.57° and
the average roughness of three surfaces of one single micropyramid element is 5.21 nm, the maximum roughness is 8.02
nm, and the minimum roughness is 3.84 nm. Through this
experiment, the applicability of guided wave UEVC in the
manufacturing of micro-pyramid mold is verified, and the
micro-pyramid mold with mirror quality is obtained.

6 Discussions and Conclusions
In order to achieve high profile precision and mirror quality of micro-pyramid reflective mold, this paper introduces
the guided wave UEVC device by combining the ultrasonic
elliptical vibration cutting with guided wave transmission
technology. The mechanism of orthogonal coupling of transverse and longitudinal guided wave bands in orthogonal UEVC
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Fig. 21 The elliptic trajectory of the guided wave UEVC device

device is analyzed by using dynamic principle, and the influence of bending guided wave band on longitudinal vi-

bration is expounded. The control model of tool tip elliptic trajectory deflection is established, and the influence of
ellipse deflection angle on amplitude and phase shift is analyzed. FEA is used to carry out the change of cutting force
and chip under variable deflection angle of the elliptic trajectory. Finally, the applicability of high-frequency guided
wave UEVC in ultra-precision machining is verified, and
the high-precision and mirror quality machining of micropyramid reflective mold is completed by carrying out the
comparison experiment of the UEVC and CC plane machining and micro-pyramid machining. The main conclusions
are as follows:
1.In order to avoid the influence of bending vibration on
the longitudinal vibration, the plate-type guided wave band
should be chosen a smaller diameter and thickness, then dual
longitudinal vibration transducers can transmit longitudinal
vibration independently through the guided wave band and
obtain better coupling effect. Based on this theory, the or-
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Fig. 22 The cutting experiment of the micro-pyramid reflective mold in guided wave UEVC and CC

thogonal guided wave UEVC device is fabricated with resonance frequency of 96.8 kHz and orthogonal amplitude of
0.55 µm and 0.46 µm, respectively. At the same time, the
uniformity between the actual elliptic trajectory generated
by the device and the ideal elliptic trajectory is good, which
shows that the device has high precision and easy to control.
2.The FEA results show that when the tool tip elliptic trajectory changes from VET to HET (amplitude n >m), the
cutting force is small and stable when the deflection angle
η is between 10° and 70°, the lowest is at about 20° and

70°. At the same time, the chip curl curvature of HET (η
= 90°) is smaller, which indicates that the tool has lower
sharpness and less impact, and is suitable for brittle materials processing; VET (η = 0°) chip turns into spiral curl
curvature, which indicates that the cutter has higher sharpness and is suitable for processing high hardness materials.
Compared with CC, UEVC can obtain better surface quality
when cutting depth is 0.3 µm-0.6 µm and cutting speed is
50 mm/s-100 mm/s.
3.The results of plane cutting experiments show that the op-
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timal cutting parameters of UEVC (cutting depth 0.6 µm,
cutting speed of 50 mm/s) are obtained; compared with CC
machining, UEVC can get more dense chip, which indicates
that the chip accumulation obtained by UEVC is denser. Finally, the micro pyramid reflective mold with an average
roughness of 5.21 nm can be obtained by using the guided
wave UEVC device.
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