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a b s t r a c t

In ultra-precision cutting, the inherent working frequency and positioning accuracy of actuators are deci-
sive. It is challenging to generate multi-scale cutting motions with high accuracy on hierarchical scale
simultaneously. In this study, a novel micro and nano-cutting device with complex-axis is developed,
consisting of a customized designed linear voice coil motor and a piezoelectric actuated flexure-hinge
mechanism to generate micro and nano-cutting motions, respectively, for overcoming the challenge.
The structure of the cutting device is designed with a small form factor in dimension in comparison to
other auxiliary cutting devices for ultra-precision machine tools. The magnetic field simulation is also
used to optimize the output force of the voice coil motor with the simulation results validated by exper-
iments using a force sensor. The operation mechanism of the flexure-hinge is investigated by finite ele-
ment analysis. The device can perform ± 0.5 mm stroke at 10 Hz and ± 8 lm at 3300 Hz for generation of
microstructures with experimental validation. The significance and originality of this study lie in the suc-
cessful development of a novel hybrid actuation cutting system that can generate multi-scale cutting
motions with high accuracy and flexibility on a hierarchical scale for the generation of microstructured
surfaces in ultraprecision machining.
� 2022 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Flexure-hinge-based compliant mechanism or voice coil motor
(VCM) actuated fast tool servo (FTS) is an effective auxiliary
machining technique for micro/nanostructure generation in
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ultra-precision diamond turning [1,2]. Different kinds of FTS
devices were developed in response to specific requirements.
Trumper et al. [3] summarized different FTS systems categorized
by actuators, including normal-stress electromagnetically-driven,
Lorentz force, magnetostrictive, hydraulic, and piezoelectric actua-
tors. Bandwidth, positioning accuracy, and stroke of the cutting
system are inherent to a limited spectrum as a result of actuators
belonging to particular categories. The conventional actuator for
the FTS system is typically a VCM or piezoelectric actuator,
depending on the stroke and working frequency requirements of
the system. Several researchers have attempted to overcome these
limitations by optimizing the mechanical design[4–6]. Some
researchers focused on the development of a novel flexure-hinge
amplification mechanism, and it has been demonstrated that a
very large amplification ratio of 91 is achieved [7], while the work-
ing frequency of this flexure hinge is at about 47.5 Hz. With the
limited amplification ratio of the compliant mechanism, the stroke
was slightly lengthened at the expense of a significant reduction in
working frequency. In comparison to another type of actuator, such
as the VCM, the extended stroke of the compliant mechanism is
still measured in micron-scale, whereas the travel range of the
VCM is measured in millimetre-scale. Although there are scientific
articles discussing the results of amplification ratios in compliant
mechanisms, the majority of the results have limited macroscale
strokes[8,9]. The most significant disadvantage of this type of cut-
ting system for the generation of hierarchical micro/nanostructure
is that the improved performance in strokes typically results in a
decrease in the working frequency of the flexure-hinge-based com-
pliant mechanism.

The balance between working frequency and travel range is a
classic problem in ultra-precision cutting devices used for generat-
ing microstructures. In recent years, there has been a surge of
interest in the development of high-performance cutting devices.
A novel FTS based on VCM with embedded counterbalance tech-
nology has significantly improved the system performance in
tracking error aspect under the ± 1 mm (±0.5 mm) stroke at
30 Hz (40 Hz) with 0.35 % (0.68 %) [10]. Gong et al. [11] developed
a novel long-stroke cutting device actuated by the VCM and an air-
bearing guiding system, with a stroke ranging from ± 0.1 to ± 1.5
mm and a bandwidth of 100 Hz. Zhu et al. [12] developed a
flexure-hinge mechanism-based nanometric ultra-FTS for nanos-
tructure cutting that achieved a quasi-static stroke of 6 lm and a
travel range of 1.2 lm with a bandwidth of 10 kHz. The stroke of
the VCM-driven system is a hundred times that of the flexure-
hinge-based cutting device, while the working frequency of the
VCM-actuated cutting device is only one percent of the flexure-
hinge-based compliant mechanism. To overcome the drawbacks
of the piezoelectric-actuated cutting system, Tian et al. [13] devel-
oped a novel long-stroke cutting system based on the VCM for the
diamond turning process. They also developed a VCM-based cut-
ting system with a long stroke of 30 mm and a high acceleration
of 920 m/s2 to extend the bandwidth of the system [14].

Many researchers have investigated the control technique for
the VCM and piezoelectric actuated cutting device. Tao et al. [15]
presented a VCM-based cutting system with a self-sensing tech-
nique for cutting force in which the resolution can be achieved at
five mN. Force sensing technology is also employed in the piezo-
electric actuated cutting device, Zhou et al. [16] applied a mechan-
ical observer within the flexure chain of their force sensing cutting
device, the bandwidth of force sensing is 600 Hz, and the resolu-
tion is approximately 0.24 mN. Moreover, an online constructive
fuzzy sliding mode has been developed. This control algorithm
enables the VCM sliding-mode system to achieve precise position
tracking [17]. Some researchers prototyped an embedded displace-
ment sensor within the VCM based on the displacement propor-
tional to the ampere force of its specified guide system [18].
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These designs could reduce system costs and enhance the control
performance for fabricating the microlens array. Regarding the
enhancement of the control strategy, Wu et al. [19] developed an
active disturbance rejection controller that improves the tracking
accuracy of the VCM-based cutting system for noncircular machin-
ing. Tian et al. [20] also developed an adaptive feedforward cancel-
lation (AFC) control strategy for the VCM FTS system, achieving
perfect tracking and disturbance rejection in periodic control.

In the aspect of the application of the high-performance cutting
system in ultra-precision machining, some researchers focused on
the degree of freedom (DOF) in flexure-hinge-based FTS, Li et al.
[21] developed a 3-DOF piezoelectric FTS for microstructure
machining with the stroke of 40 lm and natural frequency of
800 Hz. In the meantime, a novel design of the flexure-hinge-
based cutting device for brittle material machining is also investi-
gated. Zhu et al. [22] proposed a tuned diamond turning to pre-
cisely match the maximum depth-of-cut during the cutting
process, improving the machining efficiency by 16.35 %. Based on
the preceding discussion, the high-performance system is fre-
quently consisting of a single actuator, either a VCM or a piezoelec-
tric actuator. This characteristic may determine the stroke size and
working frequency. Inspired by these, Zhou et al. [23] have utilized
two types of actuators to develop a hybrid actuation cutting sys-
tem in which the piezoelectric actuated mechanism is designed
to compensate for the shortcomings of the high-frequency capacity
of the VCM. The defects of the flexure-hinge compliant and VCM
actuated cutting system are evident, and integration of these two
systems may overcome the weaknesses of the separate system.
Actually, hybrid actuation has not been systematically investigated
to date. Consequently, the integration of two categories (piezoelec-
tric actuated and VCM driven cutting system) enables good perfor-
mance in terms of stroke and working frequency, based on findings
of separate category actuators from the pioneering researchers.

This paper describes the design and implementation of a hybrid
high-performance actuation cutting device for ultra-precision
machining microstructures. This study utilized magnetic simula-
tion techniques to develop a linear VCM with a small form factor.
In the meantime, finite element modal analysis and experimental
validation are also employed for the flexure-hinge compliant
mechanism. The performance tests of the VCM actuated slider sys-
tem are systematically conducted to find out the current step
response, sine mode stroke tracking and constant force curve.
Finally, the hybrid actuation cutting device was subsequently
installed on the Moore 350FG ultra-precision machining tool to
validate the cutting performances by generating a specific dimple
array. The experimental work presented demonstrates the capabil-
ities of the hybrid actuation in positioning accuracy and working
frequency domain. The measurement results of generated
microstructure surface were compared to those of the designed
surface. Therefore, this study makes a major contribution to
research on hybrid actuation cutting systems by demonstrating
microstructure generation in ultra-precision machining.
2. Conceptual design of the hybrid actuation cutting device

2.1. Overview of the hybrid actuation cutting device

According to literature, the actuation cutting systems are gener-
ally driven by a single class of actuators, piezoelectrically actuated
[21,24,25] or Lorentz force driven [26,27]. Very few studies have
investigated hybrid actuation systems for the generation of
microstructures in ultra-precision machining. Most studies in the
field of the cutting system have only focused on single aspect of
improvement. In this study, this device developed is a dual hybrid
actuated mechanism that generates both nano/micro motions with
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micron/millimetre strokes simultaneously. The central controller
modulates first- and second-order tool-patch translated from a
hierarchical surface. Collaborating with the primary machine tool
computer numerical control system passively through auxiliary
linear encoder signal interface, the central controller output two
driving commands in differential voltage mode for the VCM ampli-
fier and piezoelectric voltage amplifier, respectively. Two linear
stroke systems are sequentially positioned in one direction along
the Z-axis. Thus, the device can generate a linear hierarchical
motion for the generation of a hierarchical surface during single
diamond turning.

Fig. 1 shows two cutting systems installed on a Moore 350FG
ultra-precision machine tool base stage. The single point diamond
tool (SPDT) is mounted in a flexure-hinge forming fixture. The nano
motion is powered by the piezoelectric actuator (PEA, P_887.51,
PICMA� Multilayer Piezoelectric Actuator). A nano-resolution
capacitive sensor is installed in front of the flexure-hinge mechan-
ical structure to detect deformation. The capacitive sensor sends
the controller real-time positioning feedback. The PEA, capacitive
sensor, and flexure-hinge compliant mechanical structure produce
nano vibrate strokes at high frequencies. This mechanism is cap-
able of producing microscale motion with high precision and
excellent dynamic response in the high-frequency domain. The
subsystem is therefore an idealized solution for the generation of
hierarchical microstructures at the level of the second-order hier-
archical microstructures. The sliding system consists of a linear
VCM and a linear mechanical guiding system in addition to the
flexure-hinge mechanism. The linear optical encoding system is
installed on the surface of the VCM stator to provide positioning
feedback, as shown in Fig. 1(a). This linear VCM is customized to
reduce the weight of the system slider as much as possible to
improve the dynamic performance and bandwidth of the first-
order actuation system. In addition, the coil of the armature is opti-
mized using magnetic field simulation.
2.2. Mechanical design of the voice coil motor

A specially designed VCM is used for generating the first-order
stroke with a long-range stroke of 30 mm in total. Considering the
form factor, the VCM is installed at the top of the base fixture with
a dimension of 114 � 80 � 74 mm, as illustrated in Fig. 2(a). The
whole device is tiny for installation on an ultra-precision machine.
As depicted in Fig. 2(a), the look-down view size of the device is
nearly identical to that of the iPhone4. This small form factor has
the advantage of collaboration with most machine tools. The slider
Fig. 1. Assembly view (a) and exp
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of the VCM is guided by a set of linear mechanical guides (model:
THK HR918U). The first-order stroke mechanism can achieve nano
resolution (50 nm) with X400 interpolation using the Renishaw
20 lm pitch linear encoder system.

High thermal conductivity resin is used to attach an optimized
voice coil to the supporting frame of the slider. With the consider-
ation of thermal factors, the voice coil remains at a relatively low
temperature during high-current driving tasks. The central part
of the frame is cut through to reduce the eddy current effect, as
shown in Fig. 2(b). The optical encoder is located in the centre of
the VCM and is parallel to HR918UU guides. The encoder reader
is embedded in the slider and assembled according to the technical
requirement of the Renishaw. The customize VCM applied in this
cutting device is a linear VCM, while the standard VCM operates
in a rounded mode. The linear VCM has the advantage of a small
form factor, which can drastically reduce the sliding mass, result-
ing in a higher system acceleration.
2.3. Mechanical design of the piezoelectric actuated flexure-hinge
mechanism

The flexure-hinge mechanism is installed at the front of the sli-
der and is connected, as shown in Fig. 1(a). The isolated view of the
second-order mechanical system is demonstrated in Fig. 3. The
specification of the piezoelectric actuator is shown in Table 1.

The capacitive sensor is installed at the top of the flexure-hinge
structure by a float plate fixture connected to the VCM slider, as
shown in Fig. 1(a). A thin metal plate is perpendicularly attached
to the stroke direction with a short sensing distance (0.25 mm)
to the sensing head of the capacitive sensor. The C8-3.2–2.0 probe
works in conjunction with the second-order stroke to provide the
nanoscale position feedback for the flexure-hinge compliant mech-
anism. The piezoelectric actuator is embedded in the centre of the
flexure-hinge mechanism and preloaded by an M4 set screw, as
shown in Fig. 3(a). A high-strength M2.5 screw holds the single-
point diamond tool in place in a form notch.
3. Properties of the hybrid actuation cutting device

3.1. Properties of piezoelectric actuated flexure-hinge mechanism

The flexure-hinge utilizes a primary half-circular mechanism to
simplify the manufacturing process and improve the mechanical
tolerance performance of the final part. Physik Instrumente pro-
vides the stack multilayer piezoelectric actuator. The front end of
lored view (b) of the device.



Fig. 2. A comparison of form factor between device and iPhone4 (a), and self-designed VCM (partial transparent, (b)).

Fig. 3. Top (a) and bottom (b) view of the piezoelectric actuated flexure-hinge mechanism.

Table 1
Specifications of P-887.57 stack multilayer piezoelectric actuator.

Dimensions L � W � H Nominal travel range Max. travel range Blocking force Stiffness Electrical capacitance Resonant frequency

7 � 7 � 18 mm 15 lm 18 lm 1750 N 100 N/lm 3.1 lF 70 kHz
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the flexure hinge is connected to a flexure joint. The preload flex-
ure is located at the end of the structure, as shown in Fig. 3(b),
which is preloaded by a set screw through a thin flexure joint.
The thin circle spring connected with the front end and bottom
base enables to increase the dynamic performance of the
instrument.

The whole static range of the flexure-hinge mechanism is vali-
dated by a series of commands in voltage (range from 0.5 V to
12 V, see Table 2.), which corresponds to 0 to 120 V amplitude out-
put from the piezoelectric amplifier. Using the DC power supply to
generate a voltage signal for the input port of the piezoelectric
amplifier, the corresponding driving voltage is outputted to the
piezoelectric actuator from the driver. The flexure-hinge guides
the front end (single point diamond tool) to execute precise
4

motions. In this experiment, the front sensing end is attached by
a steel plane for a capacitive positioning sensor. The CPL290 and
MM190 module perform the decoding task and return the absolute
displacement deviation of the front tip of the whole flexure-hinge
mechanism. The oscilloscope simultaneously acquires the voltage
signal from the CPL290 auxiliary coaxial output.

The sensitivity of the capacitive sensor is 40.000 mV/lm when
the sensitivity of CPL190 is set to low sensitivity. Then the calcu-
lated displacement of the compliant mechanism at the front
flexure-hinge can be estimated as

Cr ¼ Ud
40:000

ð1Þ



Table 2
Static close-loop static travel performance test of flexure-hinge.

Control In (V) MM190 (lm) Ud(mV) Cr (lm) DIV (lm)

0.50 0.44 17.60 0.44 0.00
1.00 0.88 34.90 0.87 �0.01
1.50 1.28 51.00 1.28 �0.01
2.00 1.76 70.4 1.76 0.00
2.50 2.28 91.20 2.28 0.00
3.33 2.91 116.00 2.90 �0.01
3.50 3.54 141.00 3.53 �0.02
4.00 4.20 170.00 4.25 0.05
4.50 5.00 199.00 4.98 �0.03
5.00 5.68 228.00 5.70 0.02
5.50 6.71 269.00 6.73 0.01
6.00 7.27 292.00 7.30 0.03
6.50 8.18 329.00 8.23 0.04
7.00 9.00 362.00 9.05 0.05
7.50 9.87 397.00 9.93 0.06
8.00 10.74 432.00 10.80 0.06
8.50 11.66 468.00 11.70 0.04
9.00 12.42 499.00 12.48 0.05
9.50 13.37 536.00 13.40 0.03

10.00 14.24 571.00 14.28 0.04
10.50 15.10 607.00 15.18 0.08
11.00 15.95 642.00 16.05 0.10
11.50 16.81 676.00 16.90 0.09
12.00 17.68 711.00 17.78 0.09

Note: Control In: drive command from the controller, MM190: capacitive position sensing end from LION Precision, Ud: Agilent digital oscilloscope sensing from CPL290
auxiliary output, Cr: Calculated result from DSO-X2024A voltage value and sensitivity, DIV: Deviation between calculation result and MM190 reader.
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Cr and directed values shown in the MN190 module were
grouped in Table 2. The DIV represents the deviation between Cr
and MN190 value. The divergence of the two devices is small, rang-
ing from �0.03 lm to 0.1 lm, as illustrated in Table 2.

3.2. Properties of voice coil motor actuated stroke mechanism

The first-order mechanism actuated by the VCM is designed to
have a 30 mm stroke. The VCM is comprised of a square voice coil
with 182 turns, a length of 62 mm and a width of 48 mm. The
armature of the VCM is supported by 316L steel and firmly adhered
with a high thermal conductivity adhesive resin. The wires are
twisted and covered by metal meshes to improve the anti-
electromagnetic interference performance. The coil’s resistance is
approximately 9.571 O. The inductance of the coil in the magnetic
field is 2.99 mH. The properties of the voice coil are listed in
Table 3.

This linear VCM employs four 60 � 40 � 4.3 mm square perma-
nent magnets made from NdFeB, and the model is N50. In accor-
dance with the Lorentz force law, the force is generated when
applying the current is applied to the voice in the magnetic field.
The relationship is represented by the simplified equation:

f ¼ nBIl ð2Þ
where f is Lorenz force, n is the number of effective turns, B is

the average magnetic flux density, I is represented the excitation
current through the coil, and l is the valid length to generate the
Lorenz force. For this VCM, n is 182 and l is 62 mm and B is about
0.125 T on average. Therefore, the continuous force of the VCM is
approximately 14.21 N when applying 5A continuous current to
the coil. A force sensor is employed to test static Lorenz force at
every 2 mm pitch to determine the force value of the whole stroke,
Table 3
Properties of voice coil for the VCM.

Frequency(kHz) Voltage(V) Induction(mH)

1.0 0.3 2.99
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as shown in Fig. 4, and the result is shown in Fig. 5. The force con-
stant of the VCM is about 2.84 N/A. As the peak current is double
the continuous current, the VCM generates a peak force of 28.4 N.
4. Modelling and analysis of the hybrid actuation cutting device

4.1. Finite element validation of the flexure-hinge compliant
mechanism

As the device is designed to generate high-accuracy and high-
frequency micro/nanoscale strokes for micro/nanostructures in
ultra-precision single-point diamond cutting, the stiffness and
accuracy of flexure-hinge are the main consideration factors in
achieving the intended working frequency. The flexure-hinge
mechanism is made of aluminium alloy 6061-T6. The SolidWorks
simulation module is used to conduct a finite element modal anal-
ysis based on the designed flexure-hinge model. The simulation
result indicates that the first-order resonant frequency is
5006 Hz, as depicted in Fig. 6.

The capacitive sensor for sensing flexure-hinge displacement
can be used to validate the simulation result. The schematic of
the experimental setup is shown in Fig. 7. The excitation signal is
generated by a microprocessor (STM F407) and amplified by an
amplifier (E-617 LVPZT), finally detected by a high-accuracy capac-
itive position sensor. The embedded math function of the oscillo-
scope (DSO-X 2024A) calculates the fast Fourier transform (FFT).
The inputs of the FFT are the voltage signal acquired from the
CPL290 auxiliary output, which represents the deformation
response of the flexure-hinge in response to the excitation input.
The yellow signal on Channel 1 is the excitation signal, while the
green signal is the position feedback of the capacitive sensor. Thus,
when the persistence function is enabled, and the frequency exci-
Resistance(O) Turns Dimension(mm)

9.571 182 62 � 48



Fig. 4. Static Lorenz force test set up.

Fig. 5. Continuous Lorenz force curve of the customize VCM.
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tation sweeps from 10 Hz to 20 kHz, the background color is green.
FFT result is denoted by solid purple color, as shown in Fig. 7(b).
Based on the modal simulation result, the first-order modal analy-
sis result is 5006 Hz, as shown in Fig. 6, while the experimental
result is about 5090 Hz, as shown in Fig. 7(b). The deviation is
about 84 Hz, proving that the simulation results of the modal anal-
ysis performed by the embedded module of SolidWorks are accu-
rate to within 1.6 %.

Fig. 7 shows the persistence plot of FFT, which is a collection of
six frequency sweep excitations with a 1Vpp sine wave input and a
0.5 V offset. From the experimental and simulated modal analyses,
the flexure-hinge mechanism has a bandwidth of approximately
5000 Hz. The designed working bandwidth is set to 3300 Hz to pre-
vent unstable vibration in the cutting process. The simulated
results for the second to fifth-order resonant frequencies are
shown in Fig. 8. They are 8216 Hz, 11472 Hz, 12244 Hz, and
12455 Hz, respectively.
4.2. Magnetic field simulation of linear voice coil motor

In order to optimize the design of the VCM, magnetic field sim-
ulation is performed with the SolidWorks add-in module for mag-
netic simulations. The simulation setup is shown in Fig. 9. The dark
blue arrow indicates the magnetic direction of the NdFeB perma-
6

nent magnet, whereas the green arrow indicates the voice coil’s
current direction. The stator of the VCM is made of 304 stainless
steel, and the NdFeB uses the model N55, which has residual
induction of 1.49 T in nominal conditions for simulation. The mag-
netic field simulation results are shown in Fig. 10, and the flux den-
sity is about 0.187 T on average, generating a Lorentz force of 18 N
under the current condition of 7A with the 110-turn coil, according
to Eq. (2).

The simulation result of the Lorentz force is larger than the
actual force output from the device. Table 4 illustrates the distinc-
tion between the simulation and the actual setup. Effective mag-
netic flux density is the key factor that influences the output
Lorentz force value, while the residual induction of the NdFeB
determines the effective magnetic flux density. Although the sim-
ulation (7A) and actual setup (5A) have different excitation condi-
tions, both output Lorentz forces are accurate, providing guidance
for optimizing the design to improve high-frequency dynamic
performance.
5. Performance test of the hybrid actuation cutting device

The final assembly of the device with the single diamond point
tool is depicted in Fig. 11; the red front portion represents the first-
order flexure-hinge mechanism. The electrical connector used for



Fig. 6. First-order modal analysis results of flexure-hinge mechanism.

Fig. 7. (a). FFT persistence result of the flexure-hinge response from 1 V sine excitation (10 Hz-20KHz) by an oscilloscope (5.09KHz for experimental first-order modal), (b).
enlarge view of the results, and (c). schematic of the validated experimental setup.
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the piezoelectric actuator and VCM consists of a 2 mm circular reli-
able connector, shielded cable for the VCM, and coaxial cable for
the piezoelectric actuator.

Fig. 12 shows the experimental current excitation in step mode,
where the blue curve represents the actual current value passing
through the coil, and the green line represents the desired current
command generated by the amplifier. Based on the plotted results,
the performance of the current close loop is validated. Utilizing the
Renishaw 20 lm pitch linear encoder system, the VCM-driven sli-
der can perform precise strokes for servo control. Fig. 13 proves the
accuracy of the VCM actuated slide, where the position error is
7

within 2 lm. The driver instructs the slider to produce a 50 Hz sine
wave stroke with an amplitude of 50 lm. The figure shown in
Fig. 13(a) is the actual motion curve (blue curve) and position error
(green line). Fig. 13(b) is the enlarged view of the position error
(green line). Fig. 14 shows the stroke result of the VCM slide with
the parameters at ± 0.5 mm (10 Hz) in sine mode.

As mentioned above, the designed working frequency of the
flexure-hinge is set to 3300 Hz. In order to validate the perfor-
mance of the front-end mechanism (the experimental setup is
shown in Fig. 15), a series of experimental parameters are devel-
oped. This mechanism is mainly for microstructure generation in



Fig. 8. The rest four modal analysis results (Second- to fifth-order).

Fig. 9. Magnetic simulation set up of the VCM.
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Fig. 10. Section view of VCM magnetic field simulation result (4 � N55 NdFeB).

Table 4
Difference between simulation and actual setup in different parameters.

NdFeB magnets model Turns of the coil Magnetic flux density Lorentz force

Simulation N55 110 0.187 T 17.90 N
Actual setup N50 182 0.125 T 14.21 N

Fig. 11. Actual assembly view of the device (PE: Protect earth; SPDT: single point diamond tool; PEA: Piezoelectric actuator; VCM: voice coil motor).

Fig. 12. Current step response and validation of current command.
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Fig. 13. Position error (a) with sine motion (50 Hz @ Amplitude 0.05 mm) and (b) enlarge view of position error.

Fig. 14. Position error (a) with sine motion (10 Hz @ Amplitude 0.5 mm) and (b) enlarge view of position error.

Z. Zhuang, H. Du, W. Sze Yip et al. Materials & Design 225 (2023) 111420
micro stroke. Two groups of different cutting parameters, as shown
in Table 5, are designed. The variable is the vibration frequency and
the diameter of a dimple (DoD), as shown in Table 5. The first
group experiment adopts different frequencies of the piezoelectric
actuator, beginning with the 400 Hz and increasing with the pitch
of 400 Hz until the designed maximum working bandwidth. The
spindle speed and cutting time are calculated to generate a micro
dimple with a circular distribution, given that the diameter of
the workpiece is 8 mm, and the material is copper.

For the first group experiments, the amplitude of the sine wave
is set to 330 mV, representing a 2.9 lm stroke of the front end of
10
the diamond tool. To achieve the desired number of spherical-
like microstructures, the spindle speed and cutting time vary based
on the distance to the rotating centre. The actual cutting parame-
ters are displayed in Table 5.

6. Experimental results and discussion of microstructure
generation

In order to validate the stiffness performance of the cutting
device, two samples are machined by a standard ultra-precision
turning process with the second-order flexure-hinge mechanism



Fig. 15. Experimental setup for the validation of the flexure-hinge mechanism.

Table 5
Designed experiment for flexure-hinge mechanism validation with different cutting
parameters.

Fre (Hz) DoC (mm) DoD (mm) SS (RPM) DtC (mm)

400 0.0029 0.074393 87.59 3.2442
800 181.82 3.1258
1200 295.08 2.8890
1600 410.25 2.7706
2000 535.71 2.6522
3300 920.93 2.5456
2500 0.0004 0.029052 214.90 3.2274

0.0009 0.041067 313.81 3.1242
0.0013 0.049508 400.00 2.9548
0.0018 0.058024 487.02 2.8443
0.0023 0.066006 574.70 2.7419
0.0029 0.074393 672.65 2.6403
0.0035 0.082138 769.22 2.5492

Note: Fre: frequency; DoC: depth of cut; DoD: diameter of dimple; SS: spindle
speed; DtC: distance to centre.
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and VCM-driven slider. Fig. 16 shows the machined surface
topographies of the machined surfaces. Both surface roughness is
about 3 nm. Fig. 16(a) is the surface finishing result of the
Fig. 16. Stiffness validation of (a) piezoelectric actuated (PEA) and
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second-order flexure-hinge mechanism, while Fig. 16(b) is the
high-quality surface generated by VCM driven slider separately.
This means the VCM slider, and the flexure-hinge mechanism are
actuated by a preload driving voltage to hold a standstill in an
actual position. The experiment proves that both mechanisms
achieve the ultra-precision machining requirement.

Two samples were machined using two groups of cutting
parameters to validate the frequency and amplitude domain based
on the designed experiments for the flexure-hinge mechanism. The
3D profile result of one cutting condition is shown in Fig. 17, and
the rest profile results are demonstrated in Table 6 and Table 7.
The actual depth of cut is 2.422 lm compared to the command
value of 2.9 lm, and the active vibration frequency is 2510.56 Hz
which can be calculated from the pitch value as shown in Fig. 17
(b). The command and active frequency deviation is only
10.56 Hz (0.42 %), as illustrated in Table 5. The designed DoD of this
example is 74.393 lm, while the actual DoD is 74.289 lm. The
error ratio in the DoD value is only 0.12 %. The detailed experimen-
tal results for frequencies from 400 Hz to 3300 Hz are shown in
Table 6. The active frequency can be calculated from the actual
pitch, distance to centre and spindle speed. The relationship
between those parameters is shown below:
(b) VCM-driven slider by manufacturing an excellent surface.



Fig. 17. Profile example of cutting parameters with frequency at 2500 Hz, DoC at 0.0029 mm and SS at 672.65 RPM; (a) 3D profile of the microstructure; (b) pitch value of two
dimple structures; (c) diameter of single dimple microstructure and (d) depth of cut of the microstructure.

Table 6
Active vibrated frequency calculated from profiled pitch value (DoC at 0.0029 mm).

Designed frequency (Hz) 400 800 1200 1600 2000 3300

Active frequency (Hz)* �2.27 +17.15 �27.16 �10.8 +101.36 �56.64
Actual pitch (lm) 74.817 72.833 76.116 74.898 70.805 75.692
Distance to centre (mm) 3.2442 3.1258 2.8890 2.7706 2.6522 2.5456
Spindle speed (RPM) 87.59 181.82 295.08 410.25 535.71 920.93

*Note: The value of active frequency is the deviation compared to the designed frequency.

Table 7
Active vibrated frequency of different DoC calculated from profiled pitch value (Frequency at 2500 Hz).

Designed DoD (lm) 29.052 41.067 49.508 58.024 66.006 74.393 82.138

Actual DoD (lm)* �3.153 �1.829 �0.005 �0.223 1.188 �0.104 0.085
DoD percentage error �10.85 % �4.45 % �0.01 % �0.38 % 1.80 % �0.14 % 0.10 %
Designed DoC (lm) 0.400 0.900 1.300 1.800 2.300 2.900 3.500
Actual DoC (lm)* �0.188 �0.131 �0.321 �0.480 0.673 �0.478 1.642
DoC percentage error �47.0 % �14.6 % �24.7 % �26.7 % 29.3 % �16.5 % 46.9 %
Actual pitch (lm) 29.659 41.325 48.876 58.427 66.150 74.080 82.014
Distance to centre (mm) 3.2274 3.1242 2.9548 2.8443 2.7419 2.6403 2.6403
Spindle speed (RPM) 214.90 313.81 400.00 487.02 574.70 672.65 769.22
Designed Frequency (Hz) 2500
Actual Frequency (Hz)* �51.155 �15.601 32.334 �17.226 �5.454 10.557 3.774

*Note: The value of active value is the deviation compared to the designed value.
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Fig. 18. Microstructure generated by the second-order flexure-hinge mechanism, (a) surface morphology near rotation centre and (b) outer area.

Table 8
Active frequency validated experiment for VCM-driven stroke system.

Designed frequency (Hz) 20 50 100

Active frequency (Hz)* �0.42 �0.78 /
Actual pitch (lm) 138.877 168.528 86.306
Feed rate in X direction (mm/min) / / 3
Distance to centre (mm) 3.2442 3.6000 /
Spindle speed (RPM) 8 22 27

*Note: The value of active value is the deviation compared to the designed value.
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Activefrequuency ¼ SpindleSpeed� 2p
60 � Distancetocenter

Actualpitch
ð3Þ

The deviation in the first series of experiment in the frequency
field ranges from �56.64 to 101.36 Hz. The error ratio ranges from
�2.26 % to 5.07 % and 0.33 % on average. Considering the different
depths of cut, the error ratio in the frequency domain is about
�0.24 % on average, as listed in Table 7). The position error in
the direction of depth ranges from 131 nm to 1.642 lm, while
the designed depth of cut gradually increases from 400 nm to
3.5 lm at the working bandwidth of 2500 Hz in open loop mode.
Fig. 18 shows the microstructure generated by the flexure-hinge
Fig. 19. Frequency validation for VCM-driven slider (a) sin
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mechanism using conventional turning technology at a feed rate
of 8 mm/min. The profile reveals that the microstructures are dis-
tributed uniformly, as shown in Fig. 18.

Three different series of cutting parameters are prepared for the
validation of the VCM-driven mechanism, as listed in Table 8. The
relationship between those parameters is described by equation
(3). The active frequency calculated through the experiment is
19.58 Hz and 49.22 Hz, and the 3D profile result is shown in
Fig. 19. The third experiment with a stroke frequency of 100 Hz
starts cutting at the position 3 mm away from the centre of the
workpiece at a feed rate of 3 mm/min. The morphological charac-
terization of the generated microstructure is demonstrated in
Fig. 20, with the actual depth of cut being 6.441 lm. Given that
the designed amplitude of sine wave stroke is 6 lm, the position
error in stroke direction is 0.441 lm.

7. Conclusions

This research was undertaken to design a high-performance
hybrid actuation cutting device for ultra-precision machining and
evaluate the performance in the microstructure generation. A cus-
tomized linear VCM is designed and optimized through the mag-
e frequency at 20 Hz and (b) sine frequency at 50 Hz.



Fig. 20. Microstructure generated by VCM-driven first-order mechanism (a) 3D profile and (b) Depth of cut of the microstructure.
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netic simulation technique. Meanwhile, the flexure-hinge compli-
ant system is developed and validated by finite element analysis.
After validating the working frequency of the flexure-hinge com-
pliant subsystem with a modal analysis experiment, the constant
force curve of the VCM is measured. The current step response
and sine stroke tracking of the VCM actuation system are verified.
Finally, a series of designed experiments are conducted to deter-
mine the performance of the hybrid actuation cutting device. The
hybrid actuation cutting system presented here is one of the first
investigations to explore high frequency cutting performance by
generating microstructure surfaces in ultra-precision machining
with high accuracy and flexibility. The significant contributions
of this study are concluded as follows:

1. A compact mechanical design of a high-performance hybrid
cutting system with a piezoelectric actuator and VCM is presented.
This study has found that, generally, hybrid actuation is idealized
for the generation of microstructures.

2. The sine stroke tracking experiment has validated the perfor-
mance of the VCM, and the position error (amplitude of ± 0.05 mm
and frequency at 50 Hz) is approximately ± 0.001 mm. The flat sur-
face roughness generated by the VCM-driven slider is 3 nm.

3. The experiment demonstrates the superior frequency accu-
racy of the flexure-hinge compliant mechanism with an error ratio
of 0.42 % at 2500 Hz. The working frequency can reach up to
3300 Hz, the first natural frequency is 5090 Hz, and the stroke of
the flexure-hinge compliant mechanism without an amplifier is
17.78 lm.

4. A series of microstructure generation experiments are con-
ducted on the designed device to validate the cutting performance.
The experiment results demonstrate a good agreement with the
designed cutting parameters.
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