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Chapter

Design, Analysis and Testing of
Piezoelectric Tool Actuator for
Elliptical Vibration Cutting

Jinguo Han, Mingming Lu and Jieqiong Lin

Abstract

In the field of ultraprecision machining, the structured surfaces with various
micro/nano characteristics may have different advanced functions, such as wettability
modifications, tribological control and hybrid micro-optics. However, the machin-
ing of micro/nano structured surfaces is becoming a challenge for present cutting
method. Especially for the difficult-to-cut materials, it is impossible to manufacture
complex micro/nano features by using traditional cutting methods. The complex
features require a cutting tool no longer confined to the traditional motion guide. The
cutting tool should have more quick response velocity and flexible modulated ability.
This chapter aims to make an introduction for piezoelectric tool actuator used in ellip-
tical vibration cutting, which can be offering tertiary cutting operations with quick
response and flexible modulated ability. The content covers the working principle of
piezoelectric tool actuator, compliant mechanism design, static modeling, kinematic
and dynamic modeling, structure optimization and offline testing.

Keywords: piezoelectric actuator, elliptical vibration cutting, compliant mechanism,
ultraprecision machining, structured surface

1. Introduction

With the rapid growth of science and technology, precision components are
increasingly in demand in various fields such as aerospace, biomedical engineering,
optics, surface engineering and energy. These components not only require tight
tolerances and high-quality surface finishes but also require the use of difficult-to-cut
materials like high-temperature alloys and hard-brittle materials owing to the physi-
cal, mechanical, optical and electronic properties [1]. It is because of the difficult-
to-cut characteristics, the precision machining of these materials has always been a
challenge. For traditional machining methods, there are always some disadvantages,
such as high cutting temperature and cutting force, severe tool wear, low efficiency
and poor surface quality. To improve the manufacturing quality, tool life and machin-
ing efficiency, let the machining cost down, elliptical vibration-assisted machining
(EVAM) was proposed. In ultraprecision machining, especially the structured surface
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with micro-nano features, it requires exceptionally fine and repeatable motions,
which makes the piezoelectric actuator a popular candidate for EVAM.

In EVAM, the elliptical vibration cutting (EVC) is a typical method for turning.
It has been validated that EVC can improve the machinability of difficult-to-cut
materials [2-4]. Meanwhile, the lower cutting force, longer tool life and better
machining quality were obtained. In EVC, the vibration of cutting tool or workpiece
is usually motivated by external excitation. For elliptical vibration cutting, the
locus of cutting tool or workpiece is an ellipse due to the deliberate modulation of
vibration devices. According to the principle of vibration, vibration devices can be
divided into two types: resonant vibration and non-resonant vibration. For resonant
type EVC vibrator, usually consists of an ultrasonic generator, a transducer and an
ultrasonic vibration horn. The working frequency is generally above 20 kHz. There
are two design schemes for the structure configuration, i.e. patch and sandwich. For
the patch type EVC vibrator, two sets of piezoelectric plates are attached to the outer
wall of the resonant rod to achieve the same or different modes of resonance. What’s
more, the Langevin-type transducer is usually adopted in the sandwich-type EVC
vibrator. The vibrator can be achieved by adding two or more sets of piezoelectric
rings to the resonant rod or coupling two Langevin-type transducers. The ellipse
locus of cutting tool can be obtained through the same or different modes coupling
in different directions with the nearly same vibration frequency. The working
frequency is the resonance frequency. Additionally, the fixed working frequency and
vibration parameters, poor dynamic accuracy and open-loop control, heat genera-
tion problems are the limitation problems for the resonant vibrator.

For non-resonant type EVC vibrator, usually consists of piezoelectric actuators and
a compliant mechanism with deliberate design. Compared with the resonant vibra-
tion, the non-resonant type EVC vibrator provides much higher flexibility due to the
elastic deformation of compliant mechanism. The vibration parameters like amplitude
and frequency are easy to be controlled. The micro-nano motion resulting from elastic
deformation of flexure hinge can guarantee the modulation ability and accuracy, which
makes it more suitable for the manufacturing of micro-nano structured surfaces.

Generally, compared with workpiece vibration, tool vibration is more popular
due to the ease of implementation. In fact, the modulation capability of tools plays a
very important role in manufacturing for different materials and structure features.
However, the tool modulation capability mainly depends on the performance of the
vibrator. Obviously, the non-resonant type EVC vibrator has more advantages than the
resonant type EVC vibrator. Up to now, there are many different types of non-resonant
EVC vibrators were developed for vibration machining. Therefore, this chapter mainly
focuses on the non-resonant type EVC vibrator, aiming to review the working principle
of piezoelectric tool actuator, compliant mechanism design, static modeling, kinematic
and dynamic modeling, structure optimization and offline testing.

2. Introduction to the different types of EVC

EVC is a kind of vibration-assisted machining. Different from 1-dimensional
vibration cutting and traditional cutting, the trajectory of cutting tool is an ellipse
and it is located in a fixed plane (2-dimensional, 2D) or in space (3-dimensional, 3D)
which is dependent on the vibration modulation of motion axis. The cutting process
of different types of EVC is shown in Figure 1. It can be seen that for orthogonal EVC
and oblique EVC, the tool trajectory is in a fixed plane despite the orientation of fixed
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Schematic illustration of different types of EVC.

plane in oblique EVC is also dependent on the angle i. It only needs two motion axes to
modulate the cutting tool to obtain the ellipse locus. However, for 3D EVC, the trajec-
tory of cutting tool is in space or in an arbitrary plane of modulation range. Therefore,
it needs at least three motion axes to obtain the ellipse locus.

3. Development of the non-resonant type EVC vibrator
3.12D type EVC vibrator

The EVC method is first proposed based on a 2D type EVC vibrator. Therefore, the
research on 2D type EVC vibrator is relatively early and extensive. According
to the principle of EVC, generally, there are two piezoelectric actuator configurations
for the simplest: one is there existing an angle between two piezoelectric actuators,
the other one is piezoelectric actuator parallel configuration. Shamoto and Moriwaki
applied the vertical piezoelectric actuator configuration to achieve the EVC [5].
Cerniway [6] and Negishi [7] applied parallel piezoelectric actuator configuration to
achieve the EVC. However, these non-resonant EVC vibrators have limited modula-
tion ability and severe crosstalk. In recent years, the flexure-based non-resonant EVC
vibrator has been developing rapidly. Here are some typical examples following below.

3.1.1 A hybrid flexure hinge EVC vibrator actuated by parallel piezoelectric actuator
configuration

3.1.1.1 Orthogonal type

In this work, a hybrid flexure hinge EVC vibrator actuated by parallel piezo-
electric actuators was proposed [8]. The mechanical structure of the vibrator is
shown in Figure 2(a). The coordinate system O,-xyz is fixed on the end-effector.
The mechanical structure has mirror symmetry about the y-axis. Two piezoelectric
actuators, which are placed in parallel from top to bottom and directly preloaded by
two screws, are used to actuate the motion of the cutting tool. There are four motion
guidance components in the mechanical structure, i.e. two double parallel four-bar
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Figure 2.

Hllustration of the proposed hybrid flexure hinge EVC actuated by a parallel piezoelectric actuator.

(a) Mechanical structure. (b) Working principle. (c) Two types of flexure hinge. (d) Deformation schematic of
flexure-based mechanism. (e) FEM simulation [8].

linkage mechanisms and two right circular flexure hinges. The double parallel four-
bar linkage mechanism is connected in series with the right circular flexure hinges.
The upper component and bottom component are connected in parallel with the end-
effector beam. The working principle is shown in Figure 2(b). The elliptical locus will
be obtained when two electric sinusoidal signals with phase different are applied to
the piezoelectric actuators.

The characteristics of the two types of flexure hinge and deformation schematic of
flexure-based mechanism are shown in Figure 2(c) and (d), respectively. Sixty-five
Mn was adopted as the material of main structural components. In order to investi-
gate the stiffness of the two input displacement directions along the z-axis, the mov-
ing direction of the bottom double parallel four-bar linkage mechanism was defined
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as the 21 axis, the upper double parallel four-bar linkage mechanism was defined

as the 22 axis. The stiffness of the guide mechanism in the 22 axial direction can be
considered as a statically indeterminate beam. Then the analytical stiffness modeling
was carried out. Meanwhile, a constant force of 1 N was imposed on the input end.
Simulation result is shown in Figure 2(e). Additionally, the dynamics analysis was
also conducted based on the Lagrange equation and FEA method. It can be seen that if
the fixed condition was improved, the second natural frequency will become the first
natural frequency, which is helpful to achieve a large working bandwidth. The results
of stiffness and natural frequency along the working direction both from analytical
modeling and FEA were obtained. The comparison results of FEA and analytical
modeling are shown in Table 1.

According to the analysis above, a prototype was fabricated. Offline tests were
carried out to evaluate the performances. The experimental setup is shown in
Figure 3(a). As shown in Figure 3(b) are the results of the step responses along
z1 axis and 22 axis. The rising time are 1.9 ms and 1.5 ms, and the setting time
are respectively 3.43 ms and 3.64 ms. There are no steady errors. The amplitude-
frequency responses are shown in Figure 3(c). It can be seen that the first natural
frequency is about 1200 Hz. The motion stroke and resolution tests are respectively
shown in Figure 3(d) and (e), the maximum motion stroke of 21 axis is about
15 pm, the maximum motion stroke of 22 axis is about 19 pm. The resolution of z1
and 22 axes are approximately 15 nm and 30 nm. Figure 3(f) shows the real experi-
mental tooltip displacement in different phase shifts, which has a good agreement
with the simulation results shown in Figure 3(g). Additionally, the developed
EVC vibrator has a good tracking performance and very low crosstalk between
the motion axes. However, this vibrator can only be used in orthogonal EVC. The
mechanical structure needs further optimization to obtain better performance.

3.1.1.2 Improved type

An improved EVC vibrator was developed aiming to solve the problems discussed
above. The mechanical structure of compliant mechanism and the prototype are shown
in Figure 4(a) and (b). This vibrator not only can be used in orthogonal EVC but also
can be used in oblique EVC through angle adjustment of the torque gauge [9]. In order to
obtain the best performance, three structure parameters were needed to be further opti-
mized considering the compact structure, high motion stroke and working bandwidth.

The optimization problem was stated first. Objective: AL (¢, ¢, ) > 30 ym,

f(ts, t, ) > 3000 Hz. Constraints: ALc/AL < 5%, o,,,, <o, / n. Within ranges: t;€[0.5, 1.5]
mm, £,€[0.8, 2.4] mm, »€[0.5, 1.5] mm. In this work, the cutting force was taken into
consideration during the structure optimization. A response surface methodology was
adopted to establish the relationship between the input variables and output parameters.

Stiffness (N pm™) Natural Frequency (Hz)
z1axis 22 axis 3rd 4th
FEA 17.66 16.64 3613.1 44551
Analytical model 16.1 16.1 46403 4784.7
Deviation (%) 8.8% 3.2% 28.4% 74%

Table 1.
Comparisons vesults of analytical modeling and FEA method.
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Figure 3.

Experimental setup and testing results. (a) Experimental setup. (b) Step responses. (c) Amplitude-frequency
responses. (d) Motion stroke. (e¢) Resolution tests. (f) Experimental vesults of output tool tip locus with phase
shifts. (g) Simulation vesults of output tool tip locus with phase shifts [8].

An NSGA-II algorithm was used to perform the optimization process. The main process of
the optimization can be concluded as follows:

Step 1: Mechanical design is finished first, static and modal analyses are conducted
to obtain the response value for the initial design parameters.

Step 2: A response surfaces methodology is adopted to create a predictive model
for the design points and the response values. Then, the predicted error should be
checked, the other design of experiments methodology or increased experimental
design points should be considered when the error is larger than the requirements.

Step 3: MOGA is adopted to deal with the optimization processes via selection,
crossover, and mutation. The optimization is converged when the maximum allow-
able Pareto percentage is realized.

According to the optimization results, a prototype was fabricated with the 7075 T6
aluminum. Offline tests were carried out to evaluate the performance of the optimization
vibrator. The results of the step responses along 21 axis and 22 axis are shown in Figure
5(a). The rising times are 4.4 ms and 4.2 ms. The setting times are respectively 6.7 ms and
9.06 ms. There are no steady errors and overshoots. The amplitude-frequency responses
are shown in Figure 5(b). It can be seen that the first natural frequency is about 1800 Hz.
The motion stroke and resolution tests are respectively shown in Figure 5(c) and (d) by
using stair excitation signal to each axis, the maximum motion stroke of 27 axis is about
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Figure 4.
Hlustration of the improved EVC device. (a) The compliant mechanism. (b) The prototype [9].

37 pm, the maximum motion stroke of 22 axis is about 31 pm. The resolution of the 27 axis
and 22 axis are approximately 9 nm and 10 nm. Figure 5(e) shows the motion tracking
performance for 21 axis and parasitic motion for 22 axis. It can be seen that the maximum
tracking error along 21 axis is 0.7 pm, which is 2.9% of the maximum input displacement.
As shown in Figure 5(f), the maximum parasitic motion of 22 axis is 0.05 pm, which is
0.21% of the maximum input displacement of 21 axis. For 22 axis, the maximum tracking
error is 0.72 pm, which is 3% of the maximum input displacement. The maximum para-
sitic motion of 27 axis is within 0.035 pm, which is about 0.15% of the maximum input
displacement. Figure 5(g) shows the input signal, the tool vibration locus in 3D space
and the projection inxy plane. Compared with the former one, this vibrator has higher
modulation ability and commonality for lathes with different configurations.

3.1.2 A flexure-based EVC vibrator actuated by vertical piezoelectric actuator
configuration

3.1.2.1 Piegoelectric actuators sevial drive

In this work, a flexure-based EVC vibrator with vertical piezoelectric actuator
configuration was proposed. In order to avoid the installation error, the base part
and the hinge part were designed to be an integral flexure hinge structure [10].
Additionally, the integral flexure part was made from 65 Mn steel. As shown in
Figure 6(a), the compliant mechanism was driven by two vertical piezoelectric
actuators in serial drive mode. The advantage of this serial design is that the crosstalk
between two motion axes can be ignored theoretically. However, the working band-
width decreases with the increased moving inertia.

The testing experiments were carried out to evaluate the performance. As shown
in Figure 6(b), the first natural frequencies along Z direction and Y direction are
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Offline testing results. (a) Step responses. (b) Amplitude-frequency responses. (c) Motion stroke. (d) Resolution
tests. (¢) Motion tracking for z1 axis and parasitic motion for z2 axis. (f) Motion tracking for z2 axis and
parasitic motion for 21 axis. (g) Input signals and tool vibration locus [9].

1257.74 Hz and 1896.19 Hz, respectively. It can be found from Figure 6(c) that the
resolution in Z direction and Y direction are all within 8 nm. Figure 6(d) and (e)
show the tracking accuracy and coupling motion in Z direction and Y direction. The
maximum following error in Z direction is 0.6 pm, which is about 1.5% of the full
testing stroke. The coupling motion in Y direction is 0.06 pum, which is 0.6% of the
Y-direction testing stroke. The maximum following error in Y direction is less than
0.2 pm, which is 2% of the testing stroke. The coupling motion in Z-direction can
be considered as noise and ignored. Figure 6(f) shows the resultant ellipses with
different phase shifts and frequencies. It should be noted that the errors in the two
directions ascend with the frequency rising. The error in Z-direction is smaller than
that in Y-direction. Figure 6(g) shows the resultant tool paths with different phase
shifts under-cutting speed of 150 pm/s. Figure 6(h) shows the resultant tool paths
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Figure 6.

Illustration of mechanical structure, experimental setup and testing vesults. (a) Mechanical structure and
experimental setup. (b) Amplitude-frequency responses. (c) Resolution tests. (d) Motion tracking for Z-axis and
parasitic motion for Y-axis. (e) Motion tracking for Y-axis and pavasitic motion for Z-axis. (f) Resultant ellipses
with different phase shifts and frequencies. (g) Resultant tool paths with diffevent phase shifts. (h) Resultant tool
paths at different frequencies [10].

with different frequencies under cutting speed of 150 pm/s and 90° phase shift. These
two figures demonstrate the double-frequency EVC tracking ability.

3.1.2.2 Piezoelectric actuators parallel drive

Compared with the piezoelectric actuators’ serial drive configuration, the parallel
drive configuration of piezoelectric actuators is more easy to obtain a higher working
bandwidth. However, the cross-axis coupling is a problem that need to be solved.

In general, the mechanical structure decoupling design is usually adopted. In
this work, a modified bridge-type amplification mechanism was utilized to meet the
requirements among the stroke, output stiffness, resonant frequency, and the drive
current [11]. Spring steel was adopted as the material. As shown in Figure7(a), two
perpendicular leaf-spring flexure hinges were applied to decouple the 2D motion.
Figure 7(b) shows the FEA results of modal analysis. The natural frequency is
6452 Hz and the corresponding mode of vibration is in cutting direction. The mode of
vibration in thrust direction corresponds to the natural frequency of 7432 Hz.

In order to evaluate the performance of the prototype. The experimental test
was conducted and the experimental setup is shown in Figure 7(c). The sweep
experiments were conducted by setting the input voltage amplitudes to 5 V and



Piezoelectric Actuators

(2)

displacement 0
sensors £ (a) ——X direction (b)
<20 - ——Y direction o el
Modified B S .60 1
bridge % 15 A g
amplifier 5 g .90 -
g W = 10 1 =]
ol g =]
{25 s E 5 £ ——X direction
3 = -150 ——Y direction
0 -180 T T T
5 ] 2 4 6 8
Non- t
Frequency /kHz Frequency /kHz
(e) s 8
b
H @ ——X direction Es 1o ——X direction
§ 3 ——Y direction % 4 - ——Y direction
B 4
g 11 f
= = 0
£ B
2.1 - Z ., ]
= =
B B4
£ £
8 o6 1
-5 - - - -8 T
0 0.01 0.02 0.03 0.04 0 0.02 0.04
Time /s Time /s
—— Designed trajectory - - - - Measured trajectory ——Designed trajectory - - - - Measured trajectory
(a) /=200 Hz (b) - f=55kHz
34 2L AN
)y [ <@ Tt
= >0
B . : T — - —
25 R 4 $ S8 ~od PeEIT 4
BN el = e | Z
3 31 A
Workspace Workspace
X (pm) x (pm)

Figure 7.

Hllustration of mechanical structure, experimental setup, and testing results. (a) Mechanical structure. (b) Modal
analysis vesults. (c) Experimental setup. (d) Frequency response. (e) axis coupling results. (f) Comparison
between designed and measured cutting tool locus [11].

the frequency from 0 to 10 kHz linearly. The amplitude-frequency responses and
phase-frequency responses are shown in Figure 7(d). The natural frequencies in

X and Y directions (i.e. cutting direction and thrust direction) are 6100 Hz and

7100 Hz, respectively, which have good agreement with the results of FEA simulation.
Coupling tests of the two motion axes were performed by using sinusoidal signals
with frequency of 200 Hz and amplitude of 120 V. The results are shown in Figure

7(e) that the coupling ratios between two motion axes are within 5%. The comparison
between designed and measured cutting tool locus are shown in Figure 7(f) for both
low-frequency (200 Hz) and high-frequency (5.5 kHz). The measured results indicate
that the agreement between designed and measured ones are good for low frequency.

10



Design, Analysis and Testing of Piezoelectric Tool Actuator for Elliptical Vibration Cutting
DOI: http://dx.doi.org/10.5772/intechopen.103837

However, there is a discrepancy between designed and measured ones under higher
frequency caused by linearly increasing phase shift which can be eliminated by
frequency compensation.

In fact, the angle between two decoupling flexure hinges can influence the
decouple performance. A new type of 2 degrees of freedom piezo-actuated pseudo-
decouple compliant mechanism was developed which considering the influence of
the decoupling angle [12]. As shown in Figures 8(a) and 8(c), the two perpendicular
piezoelectric actuators are configured in parallel. In this work, the influence of
decoupling angle ® on tracking accuracy of elliptical locus was studied by static
FEA method. First, a dimensionless aspect ratio A of the major semi-axis a to the
minor semi-axis b of the ellipse locus was introduced. The influence of decoupling
angle on the elliptical parameters and relative ratio is shown in Figure 8(b). It can
be seen that the developed 2D pseudo-decouple compliant mechanism generated an
approximately perfect ellipse locus when the decoupling angle was set to be 102.5°.
Then a 3D model of EVC vibrator was established as shown in Figure 8(c). The
prototype was manufactured and the experimental tests were carried out to evaluate
the performance. Experimental setup is shown in Figure 8(d). Figure 8(e) shows the
experimental results of kinematic performance. From the resultant tool locus, it can
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Hlustration of mechanical structure, experimental setup, and testing results. (a) Mechanical structure of
compliant mechanism. (b) Influence of decoupling angle on the elliptical parameters and relative ratio. (c) 3D
model of the EVC vibrator. (d) Experimental setup. (¢) Experimental vesults of kinematic performance.

(f) Experimental vesults of dynamic performance [12].
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be seen that the experimental results have a good agreement with the fitted curve and
FEA results. Figure 8(f) shows the results of dynamic performance by using ham-
mering method. The first two natural frequencies of the pseudo-decouple compliant
mechanism are 863 Hz and 1893 Hz, respectively.

3.23D type EVC vibrator

3D type EVC vibrator has more degrees of freedom compared with 2D type EVC
vibrator. Thus, it has more flexibility and modulation ability to fabricate the struc-
tured surface than 2D type EVC vibrator. However, the structure was more compli-
cated and it is difficult to control the structure size, which may influence the potential
applications. In recent 10 years, the flexure-based 3D type EVC vibrator developed
rapidly. In general, there are three commonly used piezoelectric actuator configura-
tions, i.e. three perpendicular piezoelectric actuators configuration, two parallel and
one perpendicular piezoelectric actuators configuration, and four parallel piezoelec-
tric actuators configuration. Here are some typical examples following below.

3.2.1 A flexure-based EVC vibrator actuated by three perpendicular piezoelectric
actuators

For 3D type EVC vibrator, three perpendicular piezoelectric actuators configu-
ration are the most commonly used method. A piezoelectric actuated monolithic
compliant spatial vibrator with decoupled translational vibration was developed
to construct the rotary spatial vibration-assisted diamond cutting system [13].

The 3D model of the rotary spatial vibration-assisted diamond cutting system

and the mechanical structure of compliant spatial vibrator are respectively shown
in Figures 9(a) and 9(b). The rotary spatial vibration-assisted diamond cutting
system consists of a tool holder, compliant spatial vibrator, piezoelectric actua-

tor, compliant spatial vibrator holder, connection shaft, and fixture. The fixture

is used for attaching the whole mechanism onto the spindle of the machine tool
through a vacuum chuck. The compliant spatial vibrator and its holder are made of
aluminum alloy to reduce the mass of the whole mechanism. The steel was adopted
for connecting shaft manufacturing to increase connection stiffness. In this work,

a complete compliance modeling was established based on the matrix-based com-
pliance modeling method for compliant spatial vibrator. The dynamic model was
established based on Lagrangian principle. FEA simulation was also used to study
the static and dynamic characteristics. To evaluate the stroke and parasitic motions,
a maximum sinusoid driving voltage (u = [50 + 50sin(2xt)] V) was separately
applied to each piezoelectric actuator. The displacement results of compliant spatial
vibrator in driving direction and the parasitic motion in other motion directions are
shown in Figure 9(c). It can be seen that the practical stroke can reach 11.067 pm,
10.100 pm, and 12.254 pm along the x, y, and 2 axes directions, respectively. The
parasitic motions along y and z axes directions are about +1.39% and 1.34% with
respect to the motion along x-axis direction, respectively. Similarly, the parasitic
motions along the x and z axes directions are about +1.11% and 0.46% with respect
to the motion along y-axis direction, respectively. The parasitic motions along the x
and y axes directions are about +1.21% and 0.31% with respect to the motion along
z-axis direction, respectively. In addition, the dynamic performance tests were car-
ried out by swept excitation method. Signals with an amplitude of 1.5 V with vary-
ing frequency were applied to each piezoelectric actuator, separately. The results of
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Figure 9.

Hlustration of 3D model, mechanical structure and testing vesults. (a) 3D model of the rotary spatial vibration-
assisted diamond cutting system. (b) Mechanical structure of the compliant spatial vibrator. (c) Displacement
results of compliant spatial vibrator in driving dirvection and the parasitic motion in other motion directions. (d)
Experimental vesults of dynamic performance [13].

dynamic performance are shown in Figure 9(d). The first natural frequency along x
and y axes directions are approximately the same, which are about f, = f; = 2.8 kHz.
While the natural frequency along the z-axis direction is about 4.3 kHz. This vibra-
tor provides a new method for rotary vibration machining.

Different from the above 3D type EVC vibrator, a piezo-actuated tri-axial compli-
ant mechanism was developed to modulate the workpiece for nano cutting [14]. The
3D model of the compliant mechanism is shown in Figure 10(a). Three identical
compliant chains were adopted to construct the vibrator. For one compliant chain, the
double parallelogram mechanism with eight right circular flexure hinges and a spatial
transition mechanism with four sets of parallelogram limbs were adopted. Each limb
has two bi-axial right circular flexure hinges. In this work, multi-objective optimal
design of the tri-axial compliant mechanism was carried out based on the stiffness
modeling, kinematic modeling and dynamic modeling. A Pareto-based multi-objec-
tive differential evolution algorithm was utilized to find the global optimal solution.

Then a prototype was manufactured and the performance tests were conducted
through the experimental setup which is shown in Figure 10(b). A harmonic signal
with frequency of 1 Hz and amplitude voltage of 5 V was applied to each actuator
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Hllustration of 3D model, experimental setup and testing vesults. (a) 3D model of the compliant mechanism.
(b) Testing experimental setup. (c) Results of harmonic vesponse and the corresponding parasitic motions.

(d) Harmonic tracking performance for x-axis. (¢) Results of the frequency responses. (f) Harmonic tracking
performance for y and z axes during cutting [14].

to assess the motion stroke and the parasitic motion. The results are shown in
Figure 10(c), the strokes along x, y and z axial directions are respectively 12.37 pm,
13.14 pm and 11.72 pm. The maximum parasitic motion (about 3.8%) was generated
along z axial direction when driving the piezoelectric actuator along x axial direc-
tion. When actuated the piezoelectric actuators along with y and z axial directions,
the parasitic motion along the other two directions are almost the same, which are
about 1.37% and 2.51% of the corresponding actuation motions. In addition, a typi-
cal proportion-integration-differentiation controller is employed for the feedback
control. The influences of system noises were eliminated by a low pass filter, and

a velocity feedforward compensator was utilized to enhance the response speed.

In order to assess the tracking performance, a harmonic signal with frequency of
90 Hz and amplitude of 2 ym was adopted as the desired motion. Only the tracking
performance along x axial direction was performed to avoid repetition. The tracking
results in Figure 10(d) shows a tracking error of around +70 nm, which is about
+1.75% of the motion span. Figure 10(e) shows the dynamic performances. The
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natural frequency for each direction is around 3.7 kHz due to the identical chain.
What’s more, the tracking performance along y and z axial directions were also
tested during cutting, results of which are shown in Figure 10(f). It should be noted
that the noise during cutting is slightly larger than that in offline testing.

3.2.2 A flexure-based EVC vibrator actuated by two parallel and one perpendicular
piezoelectric actuators

In this work, a flexure-based EVC vibrator actuated by two parallel and one per-
pendicular piezoelectric actuator was proposed [15]. The 3D model of the developed
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Hllustration of 3D model, experimental setup and testing vesults. (a) 3D model of the developed EVC vibrator. (b)
Testing experimental setup. (c) Results of motion stroke. (d) Results of the frequency responses. (e) Results of the

vesolution test. (f) the synthesized cutting tool locus and the projections [15].
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EVC vibrator is shown in Figure 11(a). The EVC vibrator mainly consists of three
PEAs (piezoelectric actuators) and capacity probes, two compliant mechanisms. Two
compliant mechanisms were independently manufactured considering the complex-
ity of machining. Then the compliant mechanisms were assembled by screws connec-
tion. For easy analysis, three axes were defined as follows: axis along PEA1 motion
direction was defined as x1, axis along PEA2 motion direction was defined as x2,
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Hlustration of 3D model, prototype and testing results. (a) 3D model of the developed EVC vibrator. (b)
Mechanical structure of compliant mechanism. (c) Fabricated prototype. (d) Simulated tool locus. (e) Actual tool
locus. (f) Tracking performance. (g) Step response [16].
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and axis along PEA3 motion direction was defined as z. Additionally, the kinematic
modeling was established. The offline tests were carried out to investigate the perfor-
mance based on the experimental setup shown in Figure 11(b). The motion stroke
performances along three axes are shown in Figure 11(c). It can be seen that the
maximum displacement along z-axis can reach up to 26 pm. The maximum displace-
ments along x1 and x2 axes are not the same which are 22 pm and 24 um, respectively,
due to the manufacturing error. A swept excitation method with frequency from

100 Hz to 3000 Hz was performed to assess the dynamic characteristics. Figure 11(d)
shows that the natural frequency along 2, x1 and x2 axes are about 1901 Hz, 1889 Hz
and 1895 Hz, respectively, which is enough for ultra-precision machining. The resolu-
tion performance results are shown in Figure 11(e) through stair excitation tests. The
resolution of motion axes along z, x1 and x2 axes are about 33 nm, 35 nm and 36 nm,
respectively. Meanwhile, the synthesized cutting tool locus and the projections are
shown in Figure 11(f) which validate the correctness of the kinematic model and
feasibility of the developed EVC vibrator.

3.2.3 A flexure-based EVC vibrator actuated by four parallel piezoelectric actuators

In this work, a flexure-based EVC vibrator actuated by four parallel piezoelectric
actuators was proposed [16]. The mechanical structure of the developed EVC vibrator
is shown in Figure 12(a). It consists of one fixture base, one compliant mechanism,
four piezoelectric actuators and capacity sensors. The compliant mechanism is shown
in Figure 12(b), which was fabricated by wire EDM. The prototype of developed EVC
vibrator was fabricated and assembled as shown in Figure 12(c). In order to investigate
the kinematic characteristics, the kinematic model was established and the simulation
results are shown in Figure 12(d), of which I represents reference ellipse, II represents
ellipse obtained by changing the acting locations of the four piezoelectric actuators, III
represents ellipse obtained by changing the phase shifts of actuated signals, IV rep-
resents ellipse obtained by changing the amplitudes of actuated signals. Figure 12(e)
shows the measured tool locus which is an ellipse in 3D space. The measured tool locus
are in accordance with the simulated locus shown in Figure 12(d). Figure 12(f) shows
the tracking performance in x-direction. A sine wave with amplitude of 6 ym and
frequency of 1 Hz was adopted as the command signal. The maximum following error
is about 12 nm, which is less than 4% of the full span. The result of step response along
x-direction is shown in Figure 12(g). There are almost no overshoot and steady errors
by utilizing a typical PID controller.

4. Conclusions

The structured surfaces with various micro/nano characteristics may have dif-
ferent advanced functions in various fields. However, the machining of micro/nano
structured surfaces is becoming a challenge for traditional cutting methods on the
difficult-to-cut materials. This chapter focus on the EVC technique which is a promis-
ing way for structured surface machining. The advantages of EVC were described
in detail. Meanwhile, the methods for realization of EVC were also introduced in
detail. As is known, the flexure-based non-resonant type EVC vibrator has more
flexibility and modulation ability compared with the resonant type EVC vibrator
and it has been widely concentrated in recent years. Therefore, this chapter mainly
reviews the recent developments and achievements on flexure-based EVC vibrators
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actuated by piezoelectric actuators. According to the locus characteristics of cutting
tool and its position and posture, the EVC was categorized into three different types.
And this chapter reviews some typical examples according to the different types of
EVC, including the mechanical structure, working principle of piezoelectric actuator,
the static modeling, kinematic and dynamic modeling, structure optimization and
testing. Although the flexure-based EVC vibrator developed rapidly, there are still
some important problems that severely restricted the performance of EVC vibrator,
which need to be further investigated in the future, such as the conflict between high
working bandwidth and large working stroke, topological optimization of mechani-
cal structures, fatigue life problems under long working hours, and design of high-
performance controller.
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