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Abstract: Macro-micro dual-drive technology uses a micro-drive system to compensate for motion
errors of a macro-drive system, solving the contradiction between large travel and high-precision
motion. Additionally, it has a wide range of applications in the ultra-precision field. Therefore, it is
necessary to analyze and research the ultra-precision macro—-micro dual-drive system. Firstly, this
paper analyzes the history of ultra-precision technology development and summarizes the research
status of ultra-precision technology processing and application. Secondly, the micro-drive mechanism
design and macro—micro-drive mode of macro—micro dual-drive technology, which can solve the
contradiction of large stroke and high precision, are reviewed, and the application of macro-micro
dual-drive technology in an ultra-precision system is summarized. Finally, the challenges and
development trends of the ultra-precision macro-micro dual-drive system are analyzed. The research
in this paper will play an important role in promoting the development of the ultra-precision system
and macro—micro dual-drive technology.
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1. Introduction

With the higher accuracy requirements of mechanical systems, the motion accuracy
requirements of mechanical systems applied in the equipment manufacturing industry
are also getting higher [1-3]. Precision and ultra-precision machining technology is an
important way to realize the machining of precision machinery equipment, which has
been widely used in various fields such as aerospace, national defense, optics, machinery,
and electronics. Many scholars have studied ultra-precision technology and made some
achievements in high precision and so on.

Precitech’s Nanoform 350 has a hydrostatic bearing and linear motor drive on both
slides for position measurement with a linear scale resolution of 8.9 nm [4]. Nanotech 500FG
has three linear axes and is a typical multi-axis diamond grinder, as shown in Figure 1a.
It can generate any conformal optical surface (including aspherical surface and non-
axisymmetric surface) shape within the processing range of 250 mm x 250 mm x 300 mm.
It has independently mounted X and Z axes with a “T” configuration, and the Y-axis
mount is integrated with the Z-axis to eliminate "stacking" axes. The stiffness of the slide
is 350 N/um, and the motion accuracy of the working spindle is not more than 50 nm.
PicoAce has a static loop stiffness of 100 N/min in the vertical direction and achieves a
high motion resolution of 1 nm on the Z-axis, as shown in Figure 1b. It can produce an
optically quality surface finish on a range of hard and brittle materials with low levels
of sub-surface damage. The Fanuc Robonano «-0iA is another famous five-axis milling
machine, as shown in Figure 1c. The Y slider is used for vertical movement with a stroke
of 20 mm, and the Z slider can move in a direction perpendicular to the X-Y plane [5].
Shigeaki Goto et al. proposed an ultra-precision STM Z scanner. It was used to measure
the surface profile of the microstructure with an amplitude of tens of microns. The linear
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encoder produced a minimum effective bit resolution of 0.5 nm across the full stroke of
the actuator, and the peak-valley value of Z-scan nonlinearity was less than 10 nm in the
effective measurement range of 50 pm [6]. Wang et al. proposed that the research aims to
develop an innovative method to prevent overloading the aerostatic bearings and detect the
engagement of each copper layer in a multi-layer PCB drilling hole, as shown in Figure 1d.
Most importantly, monitored tool wear for high-speed drilling is based on the unique
characteristics of aerostatic bearings. This innovation was reflected in the development of
an instrumented smart air hydrostatic bearing spindle for high-speed PCB drilling, and
the instrumented smart spindle could perform spindle self-protection, as shown in the
axial displacement measurement. By achieving higher feed rate parameters, the axial
displacement generated during drilling could be as high as 3.6 m/min at a given high feed
rate parameter, even less than half of the designed air-bearing film clearance [7].
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Figure 1. (a) Nanotech 500FG. Reprinted with permission from ref. [5] Copyright 2005 Elsevier;

(b) Pico Ace. Reprinted with permission from ref. [5] Copyright 2005 Elsevier; (c) Fanuc Robonano
«-0Ia. Reprinted with permission from ref. [5] Copyright 2005 Elsevier; (d) Aerostatic bearing spindle.

Reprinted with permission from ref. [7] Copyright 2018 Elsevier.

Precision feed technology is an important method to realize ultra-precision machining
technology. The servo motor and ball screw pair, linear motor, and other macro-driving
modes can meet the general requirements of precision machining technology while re-
alizing the large-stroke movement, but at present, some ultra-precision fields, such as
ultra-precision CNC machining, electronic packaging movement platform, and biological
medical equipment, have very high requirements (submicron or even nanometer accuracy)
for the positioning accuracy of mechanical systems. In this case, these macro-drive meth-
ods cannot meet the above accuracy requirements independently. The precision of the
micro-positioning system based on the combination of the piezoelectric ceramic actuator,
magnetostrictive actuator, and flexure hinge can reach sub-micron or even nanometer level.
However, its motion stroke is generally limited to between 10 pm and 100 um, which
cannot meet the requirements of large stroke (generally m class and above). Therefore,
either macro-drive or micro-drive with a single drive cannot meet the requirements of
large-stroke and high-precision motion at the same time, which becomes a bottleneck
problem restricting the development of ultra-precision machining technology [8-13].

Macro-micro dual-drive technology uses the macro-drive system to provide large-
stroke motion, uses the micro-drive system to compensate for the error to provide high-
precision motion, and then realizes the system of large-stroke and high-precision motion,
which can solve the contradiction between the above motion and high precision, thus
becoming an important technology of high-precision motion and machining. In the ultra-
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precision system, macro-micro dual-drive technology can greatly improve the motion
accuracy of the system, realize large-stroke high-precision movement, and greatly promote
the development of ultra-precision technology.

This paper analyzes and reviews the ultra-precision macro-micro dual-drive system
and puts forward the challenges and development trends in this study, which can promote
the development of ultra-precision and macro—-micro dual-drive technology. The paper is
organized as follows: Section 2 introduces the development history of ultra-precision tech-
nology, and the research status of machining and application of ultra-precision technology
is summarized. Section 3 introduces the micro-drive mechanism design and macro-micro-
drive mode of macro-micro dual-drive technology and summarizes the application of
macro—-micro-drive technology in an ultra-precision system. Section 4 is the conclusion.

2. Ultra-Precision Technology

Ultra-precision machining technology is measured by the highest machining accuracy
in each historical period. As long as this standard is exceeded, these machining methods
can be called ultra-precision machining technology. The technology of precision and
ultra-precision has absorbed more and more of the latest scientific and technological
achievements. Control technology, processing technology, materials science, electronic
technology, mechanical manufacturing technology, and many other academic subjects
have been widely used in and serve for precision and ultra-precision technology, and it
has become not only a simple process technology but also a complex system engineering
integrating numerous modern latest scientific and technological achievements [14-18].

The precision of machining increased from 1 mm in the early 19th century to 0.01 mm
in the 20th century and further increased to ultra-precise 0.01 pm in the middle of the
20th century. In current processing technology, it has reached the nanometer level. The
first ultra-precision diamond tool technology was developed in the United States in the
late 1950s. In the 1970s, ultra-precision machining technology was successfully applied to
the manufacture of computer memory disks used in hard disk drives, as well as to photo-
sensitive elements used in many photocopier and printer applications; these applications
require extremely high geometric precision and ultra-smooth surfaces. Thus, the single-
point diamond is with high efficiency in ultra-precision surface machining. Compared
to multiple processes such as machining, grinding, and polishing, in that era, the use of
ultra-precision machining continued to be the core technology of single-point diamond
turning [19]. Subsequently, the technology was popularized in various industries, and the
grinding process was developed to meet commercial and national defense needs. With
some major advances in the design and construction of control, feedback systems, servo
drivers, and general machines, today’s ultra-precision machining systems have become
more productive and accurate. Machining errors can be accurately measured and further
applied in analysis and combination based on closed-loop machining ideas [20-26]. Nowa-
days, ultra-precision technology has been widely used in processing, biological, military,
and other industries. The research on this technology mainly focuses on ultra-precision
machining and ultra-precision technology application.

At present, the field of ultra-precision machining is divided into four fields: ultra-
precision cutting, ultra-precision grinding, ultra-precision polishing, and ultra-precision
non-traditional machining. These ultra-precision machining processes should be well-
known to match the best methods. Surface roughness is the limit of machining precision in
ultra-precision machining, and surface roughness is obtained on the basis of machining
precision. Ultra-precision cutting machining precision of less than 0.01 um and surface
roughness of less than 0.01um are used for processing non-ferrous materials [27]. Ultra-
precision grinding is used for machining various precision parts and components with a
machining accuracy of less than 0.1 um and surface roughness of less than 0.025 pm [28].
Ultra-precision polishing machining precision of less than 0.01 pm and surface roughness of
less than 0.025 um are used to flatten different materials [29]. Ultra-precision non-traditional
machining precision of less than 0.01 um and surface roughness of less than 0.025 um are
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used for all kinds of hard-to-cut materials [30]. To sum up, the surface roughness of the
parts processed by ultra-precision cutting is lower. Table 1 summarizes the machining
accuracy of each processing technology.

Table 1. Machining accuracy of different processing technologies.

Type of Processing

Precision of Machining Surface Roughness (Ra) Application Areas Reference

Ultra-precision

Processing of non-ferrous metal
materials such as spherical, aspheric and

cutting Less than 0.01 um Less than 0.01 um surface reflectors of high precision, (271
surface high smooth parts.
Various precision parts, such as optical
aspherical surface, semiconductor silicon
Ultra-precision grinding Less than 0.1 pm Less than 0.025 um wafer, super hard high-precision mold, [28]
missile fairing, hemispherical resonator
gyro and so on.
Ultra-precision Flattening different materials and
polishing Less than 0.01 um Less than 0.025 um flattening multiple layers of materials. (2]
All kinds of difficult cutting materials,
.. such as heat-resistant steel, stainless steel,
Ultra-precision super alloy, and a variety of high
non-traditional Less than 0.01 pm Less than 0.025 pm p ¥ ty & [30]

machining

strength, high hardness, high toughness,
high brittleness and high purity of metal
and non-metal processing.

Having high-quality ultra-precision machine tools is the most basic and important
condition for achieving ultra-precision machining. In addition to sharp cutting tools or
fine grinding tools, high dynamic stiffness and precision machines and micro-feeding
systems are essential for the removal of ultrafine materials in cutting, grinding, polishing
and non-traditional processing. It is affected by heat during processing, and the processing
system will gradually heat up. After the deformation of mechanical parts, it will affect
mechanical equipment and tools, thus gradually reducing the processing accuracy of
mechanical parts. Burak Sence et al. proposed a new real-time trajectory generation
algorithm for precise and high-speed turning applications, the tool’s turn trajectory was
generated by the discontinuous axis velocity command at the segment connection of FIR
(finite impact response) filtering, and the profile error at acute angles was analyzed and
controlled by optimizing the acceleration profiles of the previous and current segments.
Residual vibration due to structural mode excitation was avoided by adjusting the filter
delay of all drivers, as shown in Figure 2a. Experiments had proven that the cycle time
and accuracy of drawing the profile of the Cartesian tool path had been significantly
improved [31]. In order to achieve the necessary tool setting accuracy of only a few
nanometers, a new actuating mechanism based on thermal expansion was proposed by
Lars Schonemann and Oltmann Riemerin, as shown in Figure 2b. The performance of
the actuating mechanism was assessed in static tests and for the first time on the spindle
set with a rotating handle. The experimental results showed that under the condition of
240 min !, the thermal expansion rate could reach 1 um, which confirmed the feasibility
of the method [32]. Rakuffand Cuttino designed a 2 mm stroke voice coil FTS system, as
shown in Figure 2c. When the system was applied to dispose of a petal-shaped aspheric
surface (J30 mm), the surface roughness ranged from 20 nm to 30 nm [33]. J.C. Aurich
et al. introduced a new micro-shaft grinding tool with a cylindrical tip diameter between
13 mm and 100 mm, and the manufacture of the tool itself was carried out on a prototype
desktop; in the first experimental tests of the tool, very low surface roughness values and
sharp edges without burrs were obtained, as shown in Figure 2d [34]. Y. Namba et al. used
various methods to process materials, as shown in Figure 2e. The surface roughness of
0.23 nm rms was obtained on the aspheric molding mold with a diameter of 300 mm, and
a surface roughness of 0.16 nm rms was achieved on the platin pm/carbon multilayer
mirror, which was copied from the plane mold [35]. Yasuhiro Kakinuma et al. studied the
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characteristics of low-temperature micromachining and its application in the fabrication of
microfluidic chips. From the perspective of cutting energy and machining surface quality,
low cutting speed and about 250 nm feed per tooth were the first choices to obtain fine
surfaces. As shown in Figure 2f, low-temperature micro-milling was an effective process
for manufacturing 3D microfluidic chips with sub-micron to millimeter channels [36].
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Figure 2. (a) Corner smoothing scheme. Reprinted with permission from ref. [31] Copyright 2015
Elsevier; (b) Adjustable handle design [32]; () FTS and mass dampers [33]; (d) SEM image of grinding
prop. Reprinted with permission from ref. [34] Copyright 2009 Elsevier; (e) Surface roughness of
molded Pt/C multilayer mirror. Reprinted with permission from ref. [35] Copyright 2008 Elsevier;
(f) Microfluidic chip manufactured by low-temperature micromachining. Reprinted with permission
from ref. [36] Copyright 2012 Elsevier.

Ultra-precision manufacturing is a dynamic research field with a huge range of appli-
cations, and the technology will be used more and more widely. The broader applications of
ultra-precision manufacturing (UPM) include the processing of semiconductors and optical
components with high dimensional accuracy. Ultra-precision and micro-manufacturing
play an important role in advanced manufacturing technology, and in recent decades,
the application of ultra-precision cutting and micro-machining has been increasing and
promoting the market economy. Ultra-precision processes allow for surface roughness
down to the nanoscale and are used, for example, in the manufacture of optical compo-
nents. Micro-machining is an important technology for manufacturing micro-components,
micro-features and micro-structures [37—-40].

In micro-machining, Eastman Kodak Company had developed a five-axis computer-
controlled ion imaging system (IFS) for final imaging of large-scale optical components,
processing components with primary sizes up to 2.5 x 2.5 x 0.6 m, providing stable
ion beam removal with a standard Kaufman type wide-beam ion source for physical
sputtering of the desired material from the target optical surface [41]. Li et al. proposed a
self-stereoscopic (DPA) three-dimensional measurement system based on parallax mode.
The system used a micro-lens array to capture the original 3D information of the tested
surface in a single snapshot through a CCD camera, as shown in Figure 3a. The proposed
DPA 3D measurement system could repeatedly measure 3D micro-structure surfaces with
sub-micron level measurement and achieve high-precision in situ measurement of micro-
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structure surfaces [42]. Zhang et al. used a 5-axis ultra-precision machine tool system
(mole nanotechnology 350FG) to achieve the above DME of intaglio printing, as shown
in Figure 3b. The gravure pattern consists of tens of thousands of cells on a metal roller
die, and the resolution of the three linear axes of the ultra-precision machining system was
1 nm, and the resolution of the B and C rotation axes was 0.00001° [43]. Lei Li and Allen Y.
Yi designed and manufactured a unique free-form micro-lens array for compact compound
eye cameras, as shown in Figure 3¢, to achieve a large field of view. The field of view of the
micro-lens array was 48° x 48°, and the thickness was only 1.6 mm [44].

With the rapid development of industrial technology, ultra-precision technology has
been used in aerospace technology. The optical requirements of the European Very Large
Telescope (E-ELT) and the optical requirements for future extreme ultraviolet (EUV) lithog-
raphy steppers, increasingly shorter optical wavelengths work to achieve feature size
creation capabilities of 13 nm (or even 6 nm) [45]. Yang et al. designed the Winston baffle,
which was developed for the space observation camera of MIRIS (multi-purpose infrared
imaging system). Winston conical flaps were plated after electroless nickel plating and
applied to MIRIS flight models [46].

CCD camera
Assisting light
Gravure roller
Air nozzle
Vacuum chuck
Diamond Tool
for face turning
BB stage
Diamond tool
DME

(b)

Figure 3. In situ DPA 3D measurement system. (a) Reprinted with permission from ref. [42] ©

2015 The Optical Society; (b) Experimental equipment of dimethyl ether for gravure roller [43];
(c) Free-form micro-lens array. Reprinted with permission from [44] © 2015 The Optical Society.

3. Ultra-Precision Macro-Micro Dual-Drive System

With the development of science and technology, ultra-precision technology has put
forward higher requirements, especially motion accuracy, response speed, force feeling,
controllability, flexibility, and other aspects of the requirements are increasingly high. For
micromanipulation tasks, while paying attention to high-precision and nanoscale position-
ing detection, it is also necessary to take into account the large-scale macro-positioning
at the micron level. For example, in the process of biological cell operation, cell transfer
and transport should be completed, and cell injection, cutting, and fusion should also
be realized [47,48]. The contradiction between macro and micro is very prominent if the
traditional single drive mode is used, where large strokes can be achieved or high precision
can be achieved, but both cannot be taken into account for the above situation. In the mid
and late 1980s, scholars put forward the preliminary idea of a macro-micro dual-drive
system [49,50].

The macro-micro-drive technology was first proposed by Professor Andre Sharon
of MIT in 1984, and the proposal of this technology solved the problem that macro-drive
and micro-drive alone could not solve the contradiction between large stroke and high
precision. The macro—micro dual-drive system is composed of a micro-actuator and a
macro-actuator. The macro-drive system provides large-stroke motion, and the micro-
drive system compensates for the error caused by the macro-actuator, so the system has
a higher precision. Solving the problem that the traditional mechanical system cannot
realize high precision and simultaneously take the large-stroke movement into account, the
macro—-micro dual-drive technology has been widely concerned [51-53].

Many research institutions and scholars have conducted in-depth research on macro-
micro dual-drive technology [54-58]. The working principal diagram of the macro-micro-
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drive system is shown in Figure 4: A macro-motor and its driver realize macro-drive
system internal closed-loop control, and a micro-driver and its driver realize micro-drive
system internal closed-loop control. Sensors detect and feedback the output of macro-micro
system motion. The controller allocates the amount of motion to the macro- and micro-drive
systems to realize the coupling control of the macro- and micro-drive systems.

A

Displacement Micro-drive

sensor mechanism

Micro motor

A

Micro workbench

A

Macro workbench l«—=| Macro motor

A

Controller

v

Computer

Figure 4. Working principle diagram of macro-micro dual-drive system.

3.1. Research on Macro—-Micro Dual-Drive Technology
3.1.1. Design of Micro-Drive Mechanism

In the macro—micro-drive system, the micro-moving mechanism can achieve high
precision, and the micro-moving mechanism mainly adopts a flexible hinge structure
in the current research. With the wave of micro and nanotechnology leading to revolu-
tionary changes in many fields such as manufacturing, information, materials, biology;,
medicine, and national defense, the flexible mechanism has been widely used in the
field of sub-micron level or even nanolevel for the positioning accuracy requirements of
micro-electronics, micro-manufacturing and micro-operation of optoelectronic components,
micro-electro-mechanical systems (MEMS), biomedical engineering, etc. Scholars have
carried out in-depth research on it.

In 1965, Paros and Weisbord applied the mechanical deformation formula of materials
to derive the rotational stiffness of arc-notched flexible hinges, which has been used to
this day [59]. Smith et al. adopted an oval design for the shape of the gap and analyzed
and derived the formula for the rotational stiffness of each axis [60]. Professor Nicolae
Lobontiu used chamfered notch, parabolic shape, and hyperbolic shape to analyze the
performance of various notch flexure hinges and found that the parabolic notch can have
greater rotational flexibility [61,62]. Generalized deep V type [63], asymmetric [64], and
mixed notch [65] demonstrate better working performance. According to the shape of the
weak part of the flexible hinge, the commonly used flexible hinge types are straight round,
arc, parabolic, and straight beam, as shown in Figure 5.

For most metals, the elastic modulus of the material will not change much by changing
the element type and processing. However, when heat and cold treatment were carried out,
the tensile strength and yield strength of the material increased, and the material became
more brittle. In the current research, 60Si2Mn, 65Mn, and QBe2 are the most used materials.
Its parameters are shown in Table 2.

The micro-drive mechanism designed based on the principle of flexible hinge compos-
ite motion can be used independently to obtain precise output. It can also be combined
with a macro-drive system to form a macro-micro dual-drive system to achieve large-stroke
and high-precision macro-micro motion. When the micro-drive mechanism is used alone,
it can realize the functions of linear transmission, displacement amplification, displacement
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reduction (accuracy improvement), displacement conversion (high precision of straight
line into high precision of rotation), etc., and is often used in precision motion processing
and other fields.

(a) (b)

t |

(c) (d)

Figure 5. Flexure hinge with different shapes: (a) straight circular flexure; (b) circular flexure hinge;

(c) parabolic flexure hinge; (d) straight beam flexure.

Table 2. Material parameters of flexure hinge.

Material Name Young’s Modulus /MPa Yield Limit /MPa Tensile Strength /MPa Poisson’s Ratio Density/(g/cm?)
60Si2Mn 2.06 x 10° 1176 1274 0.26 7.85
65Mn 2.00 x 10° 784 980 0.30 7.81
QBe2 1.26 x 10° 725 945 0.30 8.30

Mohd Nashrul Mohd Zubir et al. designed a flexible micro-clamping mechanism with
the function of outputting the accurate amplification displacement, as shown in Figure 6a.
Driven by a piezoelectric ceramic actuator, this mechanism could precisely output the
displacement, and its magnification was close to 3.68, which is with the advantage of high
precision [66]. Tung-Li Wu et al. designed a nanoscale positioning device (6-PSS config-
uration). The device was driven by six piezoelectric ceramic actuators mounted directly
on the base. Experiments have shown that the device can achieve a motion stroke of 8 um
at a resolution of 5 nm and could be used to operate a device with nanoscale motion [67].
Shang | et al. designed a two-degree-of-freedom planar micro-positioning platform based
on a decoupled two-degree-of-freedom planar micro-positioning mechanism. Trajectory
tracking could be achieved effectively in the moving platform [68]. Martin L. Culpepper
et al. designed an electromagnetic-driven ultra-precision fiber alighment mechanism based
on the flexible mechanism, as shown in Figure 6b. The working stroke of the mechanism
was 100 nm x 100 nm x 100 nm, and the displacement resolution was less than 5 nm [69].
Yang et al. designed a micro-drive reduction mechanism without anything more than a
force in the direction of movement and displacement, as shown in Figure 6¢c. When the
driver input 7 um, the output was 3.13 pm, and the reduction ratio was 2:1, which had a
good motion performance [70]. Yang et al. designed a precision micro-drive amplification
mechanism with an adjustable amplification ratio based on the principle of balanced ad-
ditional force, as shown in Figure 6d. The relative error of theoretical and experimental
analysis was 9.4% (the maximum error of both was 0.85 pm).
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Pre-adjustment screw

(c) (d)

Figure 6. (a) Clamping mechanism. Reprinted with permission from ref. [66] Copyright 2009 Elsevier;
(b) ultra-precision fiber alignment mechanism. Reprinted with permission from ref. [69] Copyright
2004 Elsevier; (c) micro-drive reduction mechanism [70]; (d) micro-drive amplification mechanism.

3.1.2. Type of Driver

With the realization of micro-nano positioning, high-speed and high-acceleration-
motion positioning has become a frontier in science and engineering technology, especially
in the field of micro-electronic devices. The motion platform aiming at high-speed, high-
acceleration, and ultra-precise positioning must provide excellent driving equipment
to provide power. With the rapid development of science and technology, the motion
platform based on excellent driving equipment has developed rapidly [71]. The concept
of macro—micro composite drive can solve the contradiction between high-speed, large-
stroke, and high-precision positioning. The combination of high-speed, high-acceleration,
and large-stroke macro-motion of linear motor and precision positioning micro-motion of
piezoelectric ceramics can improve the precision positioning performance of the platform
under the condition of high-speed, high-acceleration, and large-stroke motion.

Macro-micro dual-drive systems are divided into two driving modes: macro-drive
and micro-drive. The common driving modes of macro-drive systems include a ball screw
drive, direct drive motor drive, voice coil motor drive, piezoelectric motor drive, etc. The
common driving modes of a micro-drive system include a piezoelectric ceramic actuator
and a magnetostrictive actuator.

The macro-drive system provides a macro-micro dual-drive system with coarse posi-
tioning, i.e., a large working range. The commonly used driving modes of a macro-drive
system include a ball screw drive, direct drive motor drive, voice coil motor drive, piezo-
electric motor drive, etc. [72-75].

The ball screw is the most commonly used transmission component in tool machinery
and precision machinery. Its main function is to convert rotary motion into linear motion or
to convert torque into axial repeated force with the advantages of high precision, reversibil-
ity, and high efficiency. Shinno et al. proposed a remote positioning workbench system
with sub-nanometer resolution, as shown in Figure 7a. The servo motor and ball screw
were used to drive macro-motion to realize large-stroke motion, the voice coil motor and
air floating guide rail were used to drive micro-motion precision positioning, and the table
system realized sub-nanometer positioning within 150 mm [76]. Kang et al. designed a
mechanical platform driven by a ball screw and the Ether CAT fieldbus system and PLC
open technology. With the high-speed real-time technology and PLC open, the whole
system had a good effect [77]. Hsieh et al. introduced the synchronous control scheme and
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system modeling technology of a single-axis workbench driven by a double parallel ball
screw /servo motor. The results showed that the platform had a good performance [78].

A direct drive motor does not need to go through the transmission device (such as
a transmission belt, etc.) in the driving load process. Its main benefits include quietness,
energy saving, smoothness, and strong power. Zhu et al. designed a new parallel dual-stage
driven macro-micro-motion platform. Driven by a linear motor, the positioning accuracy of
the final platform in point-to-point motion with a 5 mm stroke was less than 40 nm [79]. He
et al. introduced an XY 2D platform system directly driven by a linear motor. The character
of the XY 2D platform was that the controller contained a feed-forward controller based
on feedback control, which used the driver as the closed loop, and the driver works as the
open-loop control card for closed-loop control, which provided a more feasible method
for high-precision synchronous motion control [80]. Li et al. used a PMAC controller to
study the control method of a 100 nm-scale motion platform driven by a linear servo motor.
The study improved the control of speed and acceleration by adjusting PMAC parameters,
and high-quality speed and acceleration characteristics were obtained, which provided a
basis and reference for the application of the platform in high-speed and high-precision
feed systems [81].

The working principle of a voice coil motor is that the energized coil (conductor)
will generate force when placed in the magnetic field, and the magnitude of the force is
proportional to the current applied to the coil, which has a simple structure, small size,
high speed, high acceleration, and fast response. Dong et al. designed a macro—-micro
two-stage drive system. The voice coil motor was used to realize the large-stroke rough
positioning of the system, and the piezoelectric ceramic actuator and the flexible hinge
mechanism were adopted to realize the precise positioning, and finally, it achieved the
positioning accuracy of £20 nm [82]. Shingo Ito et al. introduced a vibration isolation
system integrated with an internal atomic force microscope (AFM) actuator. For motion,
the voice coil actuator (Lorentz actuator) was guided by a low-stiffness bending piece.
Through mechanical and control design specifically for Lorentz actuators, the vertical
motion had a control bandwidth 24 times higher than the first mechanical resonance, and
the CD-ROM pits and tracks were successfully imitated without an external isolator [83].
Motohiro Takahashi et al. developed a novel vertical motion platform with a non-contact
balancing mechanism to achieve long-stroke vertical nanomotion. The developed platform
was characterized by the non-contact drive of the voice coil motor, the suspension of the air
hydrostatic guide, the balance of the non-contact vacuum cylinder, and the overall structure
made of ceramic and symmetrical structure configuration. After experimental verification,
the developed vertical nanomotion platform could achieve long-stroke vertical motion at
the nanoscale [84].

A piezoelectric motor is composed of vibration parts and moving parts and has no
winding, magnet, or insulation structure. Its power density is much higher than the
ordinary motor, but the output power is limited. Therefore, it should be made into light,
thin, short form, and its output is mostly low speed and large thrust (or torque), which can
realize the direct drive load. Wei et al. introduced a double-parallel mechanism with the
perfect combination of a 6-PSS parallel mechanism and a 6-SPS parallel mechanism. The
system was a double-parallel structure driven by piezoelectric motors and piezoelectric
ceramics, respectively, and the clearance-free design ensures nanoscale accuracy in a cubic
centimeter workspace [85]. Shine-Tzong Ho and Shan-Jay Jan proposed a new precision
piezoelectric motor, as shown in Figure 7b. It could operate in AC drive mode or DC
drive mode. The experimental results showed that the AC drive mode could drive the
motor at a high moving speed, while the DC drive mode can simply drive the motor at
a nanoscale resolution [86]. Zhang et al. proposed a resonant piezoelectric screw motor
for a single degree of freedom (1-DOF) positioning platform. Experiments showed that
without mechanical load, the maximum speed of the motor was 10.53 mm/s, and when the
excitation voltage was 230 and the frequency was 365 Hz, the maximum output force of the
platform could reach 17.19 N [87].
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Figure 7. (a) Macro—micro-positioning system [76]; (b) prototype of a linear piezoelectric motor.
Reprinted with permission from ref. [86] Copyright 2016 Elsevier.

The micro-drive system provides high-precision motion compensation for the macro—
micro dual-drive system and realizes the high-precision motion of the system. The com-
monly used driving modes of a micro-drive system include a piezoelectric ceramic actuator,
magnetostrictive actuator, etc.

A piezoelectric ceramic actuator is a kind of information function ceramic material that
can convert mechanical energy and electric energy into each other—the piezoelectric effect.
Piezoelectric ceramics have piezoelectric properties, dielectric properties, elasticity, etc.,
and have been widely used in medical imaging, acoustic sensors, acoustic transducers, and
ultrasonic motors. Y. Tian et al. designed a 3-DOF parallel micro/nano flexible mechanical
system, as shown in Figure 8a. The curved hinge was used as a crimping joint to provide
smooth and high-precision motion with nanoscale resolution. Three piezoelectric actuators
were used to drive the active link of the bend-based mechanism, and the system had
good dynamic characteristics [88]. Xing studied a new asymmetric flexible micro-gripper
mechanism driven by piezoelectric ceramics and based on flexure hinges, as shown in
Figure 8b. The experimental results showed that the stepping resolution of the micro-
fixture was 7.50 pm, and the asymmetric flexible micro-gripper mechanism can perform
the micro-assembly task of microtubule parts [89]. Yong et al. proposed a design method of
bidirectional piezoelectric ceramic-driven large-stroke FTS in order to overcome the stroke
loss caused by a large-stiffness flexible thin plate in a single piezoelectric actuator fast
tool servo system (FTS). The compensation method can significantly reduce the parasitic
displacement from 33.250 um to 4.545 um [90]. Wu et al. studied the tracking performance
of a fully decoupling-compliant micro-operator and established the hysteresis model and
hysteresis compensation model of the piezoelectric transducer (PZT)-based mechanism
using the elliptic model method. In a workspace of 194.5 pm x 195.5 pmhe natural
frequency was 354.21 Hz, and the maximum cross-coupling error was 0.14% [91]. Shane
Woody and Stuart Smith proposed a two-stage (also known as multi-coaxial) tip tilting
mechanism with 6 degrees of freedom (DOF)—two 3-DOF stages—which includes two
3 degrees of freedom in series, as shown in Figure 8c. A nested control algorithm was
also described to derive the drive signals of the fine platform and the rough platform, and
a two-stage mechanism equipped with a coarse and fine controller reduces the tracking
error to £5 urad [92]. Xie et al. proposed a compact new parallel three-degree-of-freedom
(3-DOF) XYZ precision positioning platform. It introduced the mechanism developed
based on Z-type flexure hinges into the design of the workbench to realize the decoupled
motion [93].

A magnetostrictive actuator means that when an object is magnetized in a magnetic
field, it will elongate or shorten in the direction of magnetization; when the current through
the coil changes or the distance from the magnet is changed, its size will change significantly.
Hayato Yoshioka et al. designed a rotation-linear precision movement platform, as shown
in Figure 9a. This platform could meet the requirements of 3D geometric part processing
and measurement, and it is driven by a giant magnetostrictive driver. The input rotation
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displacement can be accurately converted into linear displacement, and the output linear
displacement resolution of the platform in the process of 4000 rpm high-speed movement
was 1 um [94]. Gao et al. designed a motor-driven XY plane movement platform, as
shown in Figure 9b. The platen of the load platform was suspended by an air bearing in
the Z direction and driven by four two-phase linear motors, namely two pairs of linear
motors in the X and Y directions. The platform could be independently controlled in the
X and Y directions with a resolution of 200 nm and 1 “in the 87 direction [95]. Shigeki
Mori et al. designed an actuator consisting of a linear air bearing and a linear voice coil
motor (VCM). The linear actuator could step at a resolution of 1 nm without overthrust
or underthrust, and the rise time was less than 0.5 ms [96]. Li et al. proposed a newly
designed parallel manipulator based on a spherical motion generator, and the new motion
generator integrates the electromagnetic actuator with the coaxial 3-RRR spherical parallel
manipulator, as shown in Figure 9c. The proposed SMG has better performance in larger
working space and output torque [97]. Xiao et al. introduced the optimization design,
manufacturing and control of a new flexible, fully decoupled XY micro-positioning platform
driven by an electromagnetic actuator. The experimental results showed that the mobile
range could reach 1 mm x 1 mm and the resolution could reach +0.4 um. In addition, due
to its optimal mechanical structure, the designed micromanipulator can withstand heavy
loads [98]. Matteo Russo et al. introduced a new class of electromagnetic-driven binary
drive mechanisms. These systems rely on the extreme position of their binary actuators for
positioning, so the proposed design aims to improve repeatability through motion coupling,
and the proposed mechanism is suitable for a wide range of applications requiring fast,
accurate, and interchangeable positioning of sensors and tools [99].

(b) O
Figure 8. (a) Three degrees of freedom parallel micro/nano flexible mechanical system. Reprinted

with permission from ref. [88] Copyright 2008 Elsevier; (b) The overall structure of a miniature
gripper system [89]. (c) Solid models for the 6-degree-of-freedom mechanism employing oars and

fine actuation. Reprinted with permission from ref. [92] Copyright 2010 Elsevier.

Rotating spindle of
a milling machine
Driving unit

with GMA

Coil unit

Optical fiber

displacement sensor . )
Slide unit

Figure 9. (a) Rotary linear precision motion platform [94]; (b) XY plane motion platform. Reprinted
with permission from ref. [95] Copyright 2004 Elsevier; (c) a conceptual design of SMG. Reprinted
with permission from ref. [97] Copyright 2018 Elsevier.

In summary, the common macro-drive system driving methods in the macro—-micro
dual-drive system are ball screw drive, direct drive motor drive, voice coil motor drive,
piezoelectric motor drive, etc., and the common driving methods of the micro-drive system
are piezoelectric ceramic actuators, magnetostrictive actuators, etc. Table 3 summarizes the
characteristics of each drive.
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Table 3. Comparison of driver characteristics.

Drive Mode Scope of Application Advantages Disadvantages References
. High precision, high transmission High price; a larger transmission

Ball screws Macro-drive .. . gap and lower return precision [76-78]

efficiency, low noise, etc. . . -

occurred with the time going.

Direct drive motor Macro-drive High precision, high speed, simple leﬁcul}y in carrying 01.1t high [79-81]

structure, fast response, etc. Pprecision compensation.
Voice coil motor Macro-drive Compact str.ucture, high speed, high Difficult position cc?ntrol, limited [82-84]

acceleration, fast response, etc. range of motion, etc.
Piezoelectric Macro-drive High .resolutlon, fast response, small Plezoelectn.c mater.lals have creep, [85-87]
motor size, large output force, etc. hysteresis, nonlinearity, etc.
Piezoelectric ceramic . . que fre.:quency band, hlgh. The poor output DC response and
Micro-drive sensitivity, simple structure, reliable . . [88-93]
actuator . small piezoelectric parameters.
operation, etc.

Magneto strictive Micro-drive Simple structure, reliable work, low  The large closing current and low [94-99]

actuator

production cost, etc.

speed of the operating mechanism.

3.1.3. Application of Macro-Micro Dual-Drive Technology in Ultra-Precision System

Macro-micro dual-drive technology has been widely used in the military industry,
electronic packaging, biomedicine, and other fields [100-105]. Jie et al. proposed a macro—
micro dual-drive high acceleration precision XY platform. Two linear voice coil motors
(VCM) were used for macro-motion, and two PZT-driven high-frequency micro-stage were
installed on each motor to compensate for position errors. The significant improvement
of XY platform performance could meet the requirements of the rapid development of
IC bonding technology [106]. Zhu et al. developed a new pico-dual-drive micro-EDM
system that used a macro-driver to move to a point, a high-precision grating to measure
the error, and a micro-driver to compensate for the error. The online measurement proves
that this method was of great value if used in micro-EDM [107]. Feng et al. designed
a new macro—micro dual-drive parallel robot for chromosome anatomy. The parallel
structure system was double driven by six servo motors and six piezoelectric actuators.
The stroke in three angular motion directions was 18.7 radians, and it also had a resolution
of 20 nm [108]. Zhang et al. designed and analyzed a three-DOF (3-DOF) macro-micro-
manipulator to solve the conflict between large stroke, high precision, and multiple degrees
of freedom. The translation error in the X and Y directions was less than +50 nm, and
the rotation error about the Z axis was less than £1urad [109]. Tong et al. designed an
experimental system using a micro/micro double-feed spindle, as shown in Figure 10a,
to improve the machining performance of servo-scanned 3D micro-electric spark (3D
SSMEDM). The system integrated ultrasonic linear motor as macro-driver and piezoelectric
ceramic actuator (PZT) as micro feed mechanism. The machining depth error could be
controlled within 2%, and the XY size error was within 1% [110].

Balance weight
mechanism ~

Macro motion platform

- X motion platform

Y motion
platform

Figure 10. The experimental setup. Reprinted with permission from ref. [106] Copyright 2005 IEEE.
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3.2. The Challenges of Ultra-Precision Macro—Micro Dual-Drive Systems

Through the analysis of the relevant research on the ultra-precision macro—-micro
dual-drive system, there are the following challenges in the research of the ultra-precision
macro—-micro dual-drive system:

(1) The working environment and detection technology have limited the further
improvement of the precision of the macro-micro dual-drive system. The macro-micro
dual-drive system is an ultra-high-precision system, so any external vibration, temperature
changes, and machining accuracy will bring system motion errors. In order to obtain ultra-
high positioning accuracy, it is necessary to use detection feedback components such as
grating scales. However, detection uncertainty will have an impact due to the uncertainty
of grating detection; it will affect the transmission accuracy of the feedback element, which
in turn affects the accuracy of the macro—micro-drive system. Due to its own limited
grating density, it can no longer meet the detection requirements of ultra-high-precision
macro—-micro dual-drive systems.

(2) The rotation accuracy of the macro—micro dual-drive rotary system lags behind
that of a linear system. The positioning accuracy of the macro-micro-drive linear system
has reached the sub-micron or even nanometer level. Most of the rotary system is still at
the angle second level, so the research of the rotary system is far behind that of a linear
system, which hinders the development of macro-micro-drive technology. At present,
in the market, there is no micro-driver that can directly output high-precision angular
displacement. Most of the research results are to convert linear displacement into a rotary
angle, and the rotary system has errors when converting linear displacement into rotary
displacement. At present, scholars at home and abroad have conducted more research on
macro-micro-drive linear systems and less research on macro—micro-drive rotary systems.

(3) The application of ultra-precision macro-micro dual-drive technology is not clear,
so research on and the practical application of macro-micro dual-drive technology are
rare. At present, the highest precision of the macro—micro dual-drive linear system can
reach the nanometer level, and the rotary system can achieve sub-arcsecond precision.
Compared with conventional precision machinery, which belongs to ultra-high-precision
motion accuracy, the application field requiring such high motion accuracy is very few, so
the application is not clear, which also limits the further development of this technology.

3.3. Development Trends of Ultra-Precision Macro—Micro Dual-Drive System

Based on the analysis and summary of the ultra-precision macro—micro dual-drive
system, it is expected that the research of this system will have the following trends:

(1) In order to further improve the motion accuracy of the macro-micro dual-drive
system, the research development trend is to reduce the working environment’s influence
on its motion accuracy and improve the accuracy of the detection and feedback parts
of the macro-micro dual-drive system. Related research will be developed to reduce
the influence of external factors on the accuracy of the macro—micro-drive system by
reducing noise, maintaining constant temperature and eliminating interference from the
vibration of other instruments. Due to the limited accuracy of detection elements such as
grating scales, the accuracy of grating scales can be improved by further frequency division
methods, and higher detection accuracy can be realized by using instruments such as laser
interferometers.

(2) In order to achieve the comprehensive development of the ultra-precision macro—
micro dual-drive system, the ultra-precision macro-micro dual-drive rotary system will
become a major research trend. At present, most of the research on the ultra-precision
macro—-micro dual-drive system focuses on linear motion, and the research on rotary motion
is inadequate as one of the two main motion modes (linear motion and rotary motion). The
research on macro—micro dual-drive technology of rotary motion is relatively backward,
which has limited the development of this technology. Therefore, it is necessary to carry
out more research on macro—micro dual-drive rotary systems to convert the ultra-high-
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precision straight line into rotary precision [111,112] so as to realize the ultra-high-precision
of macro—micro dual-drive rotary system.

(3) In order to effectively solve the high-precision application problem of macro-micro
dual-drive technology, it will become the trend of this technology to apply the macro-micro
dual-drive technology to electronic packaging, chip processing, and other fields. At present,
there are some problems in the application of the chip packaging and positioning platform:
the ultra-high-precision motion accuracy is not high, such as nano-scale machining, and
sub-angular second machining is limited by the accuracy of the current mechanical system.
By integrating macro-micro dual-drive technology into the electronic packaging platform,
ideal large-stroke high-precision motion can be obtained, which can solve the problem of
insufficient ultra-high precision of linear and angular motion in the current chip packaging.

4. Conclusions

In this paper, the research status of the ultra-precision technology and macro-micro
dual-drive technology is analyzed comprehensively; the challenges and prospects of the
ultra-precision macro-micro dual-drive technology are presented. The main conclusions of
this paper are as follows:

(1) Either macro-drive or micro-drive single-drive modes adopted in the ultra-precision
technology cannot realize the motion requirements of large stroke and high precision at
the same time, which becomes the bottleneck problem that restricts the development of
ultra-precision machining technology. Macro—-micro dual-drive technology can solve the
above problems by providing large-stroke motion and realizing high-precision positioning.

(2) At present, there are some challenges in the development of ultra-precision macro—
micro dual-drive systems, such as limited working environment and detection technology,
backward research of rotary macro-micro dual-drive systems, and an unclear application
field of ultra-precision systems. Reducing the interference of the working environment,
improving the detection technology, deepening the research on macro-micro dual-drive ro-
tary systems, and integrating macro-micro dual-drive technology into electronic packaging
will become the research trend of ultra-precision macro-micro-drive systems.

(3) In order to realize ultra-precision machining and positioning, it is necessary to in-
crease the research investment in this field, especially in the field for targeted breakthrough
research.
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