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Abstract: Micro-structured surfaces possess excellent properties of friction, lubrication, drag reduc-
tion, antibacterial, and self-cleaning, which have been widely applied in optical, medical, national
defense, aerospace fields, etc. Therefore, it is requisite to study the fabrication methods of micro-
structures to improve the accuracy and enhance the performance of micro-structures. At present,
there are plenty of studies focusing on the preparation of micro-structures; therefore, systematic
review of the technologies and developing trend on the fabrication of micro-structures are needed. In
present review, the fabrication methods of various micro-structures are compared and summarized.
Specially, the characteristics and applications of ultra-precision machining (UPM) technology in the
fabrication of micro-structures are mainly discussed. Additionally, the assistive technologies applied
into UPM, such as fast tool servo (FTS) technology and slow tool servo (STS) technology to fabricate
micro-structures with different characteristics are summarized. Finally, the principal characteristics
and applications of fly cutting technology in manufacturing special micro-structures are presented.
From the review, it is found that by combining different machining methods to prepare the base
layer surface first and then fabricate the sublayer surface, the advantages of different machining
technologies can be greatly exerted, which is of great significance for the preparation of multi-layer
and multi-scale micro-structures. Furthermore, the combination of ultra-precision fly cutting and
FTS/STS possess advantages in realizing complex micro-structures with high aspect ratio and high
resolution. However, residual tool marks and material recovery are still the key factors affecting the
form accuracy of machined micro-structures. This review provides advances in fabrication meth-
ods and assistive technologies of micro-structured surfaces, which serves as the guidance for both
fabrication and application of multi-layer and multi-scale micro-structures.

Keywords: micro-structures; ultra-precision machining; FTS/STS; fly cutting; raster milling

1. Introduction

A micro-structured surface is small with special arranged topological structures [1,2].
The special arrangement of these microscale topological structures makes the micro-
structured surface exhibit specific functions, such as superhydrophobicity, anti-fouling,
drag reduction, structural color, etc., as shown in Figure 1 [3-6]. These specific functions
are perfectly reflected in a range of plants and animals in nature.

In the 1980s, Barthlott et al. discovered that lotus leaf surfaces have a unique set of
micro/nano structures, with thousands of microscale papillae (20-100 pm) and thousands
of nanoscale wax filaments (100-500 nm) distributed on each papillae [7,8]. This unique
surface result in superhydrophobicity and self-cleaning effect of the lotus leaf is known
as the lotus effect. Similar to lotus leaves, rice leaves have superhydrophobicity and
anisotropic wettability due to their specially arranged hierarchies [9]. These characteristics
are also reflected in animals. For example, the rough nano-structures in shark skin endow
it with anti-fouling and drag reduction properties [10]; the multi-scale structures on the
butterfly wings can not only produce structural color but also have superhydrophobicity,
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self-cleaning, sensitive chemosensory abilities, and fluorescence emission functions [3,11];
insect compound eyes have high sensitivity and anti-reflex function [12]. These special
micro-structured surfaces not only endow powerful functions to natural plants and animals,
but also widely apply to optics, circuit systems, information and communication, precision
engineering, biomedicine, and other fields [13]. For instance, micro-structured arrays have
good optical properties, higher flexibility, and uniform shape, providing greater flexibility
and innovation for optical design [14-17]. Moreover, the micro-structured surface is small
in size and light in weight, which is easy to realize system integration and reduce the
difficulty of assembly [18]. In addition to the above functions, the micro-structured surface
also has great development potential in aerospace, navigation and guidance, and other
military fields.
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Figure 1. (a) Diversity in biological textures and their functions; and (b) hierarchical structures on
the surfaces of various plants and animals. Reprinted with permission from Refs. [3,4].

However, due to the complexity of surface texture and the characteristics of high
aspect ratio, the fabrication of micro-structures is very challenging. Typical machining
techniques for a micro-structured surface mainly include lithography technology [19],
high energy beam direct writing technology [20], special energy field machining technol-
ogy [21], molding technology, LIGA technology [22], and ultra-precision machining (UPM)
technology [23].

Lithography is suitable for fabricating two-dimensional (2D) and simple three-dimensional
(3D) structures. For complex 3D structures, high energy beam direct writing technology
and LIGA technology are more applicable, whereas the machining cost is high and it is
difficult to fabricate large size micro-structures. Special energy field machining extends the
machining range to difficult-to-cut materials, and the molding technology is suitable for
the mass production of simple micro-structures. However, the above machining methods
cannot meet all the requirements of high surface precision, complex 3D, and high aspect
ratio micro-structures. UPM is an effective method to fabricate micro-structures, it has
many advantages which could meet all these requirements.

UPM technology was developed in the 1960s to meet the manufacturing needs of
nuclear power manufacturers, VLSI (Very Large Scale Integration), lasers, aircraft and other
high-end products [24-27]. Production efficiency has been continuously improved and
products have been gradually miniaturized, while higher requirements are put forward
for micro-structures machining, the machining accuracy of UPM is constantly improved.
The development of achievable machining accuracy is shown in Figure 2. UPM generally
includes ultra-precision diamond turning, milling, scratching, ultra-precision grinding, and
polishing, as shown in Figure 3. They could be employed for machining various freeform
surfaces and complex micro-structures [28-34]. Ultra-precision diamond turning, milling,
and scratching are usually employed with a natural single crystal diamond tool, this is
called ultra-precision diamond cutting [35]. The surface roughness Ra can reach 1 nm and
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the form accuracy PV can reach 0.1 um. Grinding is mainly used for machining difficult-to-
cut materials, which is hard to do with diamond cutting. Polishing is a follow-up process
that achieves higher surface quality.
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Figure 3. An overview of typical UPM methods. Reprinted with permission from Refs. [24,35,37-41].

Ultra-precision diamond turning, as a member of the UPM family, is generally em-
ployed for machining rotationally symmetric surfaces. To expand the application of turning,
it is often combined with fast tool servo (FTS) technology or the slow tool servo (STS) sys-
tem, where the feed depth can be dynamically adjusted and the positioning accuracy can be
increased. As an assistive technology of turning, FTS system has high frequency response
and high positioning accuracy. It has advantages for the surfaces with large change and
complex structure machining, and the control system tracks the surface shape change in real
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time to control and adjust each servo axis during machining. However, the focus of research
is how to make the FTS with high frequency overcome the defect of short stroke. Similar to
FTS, the STS system also expands machining performance of turning, it enlarges the Z-axis
stroke, and increases the high-precision multi-axis linkage characteristic of the lathe. It is
suitable for off-axis surface, array structure, and freeform surface machining. Whereas,
since the STS turning generates the target surface shape according to the 3D tool path and
the three-axis linkage, whether the surface can be processed depends on the generation of
the tool path. On the basis of turning, ultra-precision fly cutting is developed, it is a cutting
technology with constant cutting speed and more flexible cutting trajectory, which is suit-
able for specific micro-structures machining [42-44]. Nowadays, the micro-structures fabri-
cated by UPM are more diversified, such as spherical/aspherical lens [45-47], multi-focal
lens, Fresnel lens [48-51], polygonal mirror [52], pyramid array [53,54], micro-structure
array [55], anti-reflection channel, and V-groove [56,57], etc. [58].

In this paper, different machining methods of micro-structured surfaces are compared
and their characteristics are discussed. According to their typical advanced application as
vital results of their micro-structures fabrication, the main research achievements of various
machining strategies are reported. As an essential method of fabricating micro-structures,
the characteristics and advantages of UPM are reviewed, and the application of diamond
tool fabrication and improvement by focused ion beam technology are introduced. The
subsequent sections review the studies and applications of FTS/STS combined with UPM
to fabricate complex micro-structures, and the research of fly cutting in the fabrication of
micro-structures is emphasized. This paper will provide theoretical guidance and develop
new ideas for the fabrication of different micro-structures.

2. Fabrication Methods of Micro-Structured Surfaces
2.1. Lithography Technology

Lithography is based on an optical projection printing system, in which the image on
the mask is reduced and projected onto a photoresist coated substrate (such as a silicon
wafer) through a high numerical aperture lens system, and the image is transferred to the
surface of the substrate through an etching process. The general process of lithography
includes substrate pretreatment, gluing, pre-baking, exposure, development, post-baking,
etching, degluing, and engraving, etc.

Lithography includes many categories, such as electron beam lithography (EBL) [59],
X-ray lithography [60], ion beam lithography (IBL) [19], grayscale lithography, and extreme
ultraviolet (EUV) lithography [61]. EBL uses an electron beam to trace a pattern on the
resist medium. When a very narrow electron beam passes through, it changes the physical
properties of the resist layer, resulting in the appearance of submicron characteristics. EBL
has been most widely implemented for patterning mesoscopic structures or systems with
unique advantages of high resolution in feature size, high reliability in machining, and
high flexibility in pattern replication [1,62]. X-ray lithography has the ability to penetrate
thick resistance and produce high aspect ratio patterns to achieve side walls with optical
quality. This fabrication technique has been used to fabricate micro- and nano-structures
from materials such as methyl methacrylate [63,64].

IBL mask is a transmission/scattering two-phase mask made of Si material. Ion beam
exposure has higher sensitivity and higher exposure rate. Compared with electron beam,
at the same acceleration voltage, ion beam exposure resolution is higher due to the shorter
ion wavelength. The ions are much more massive than the electrons, therefore, there is no
proximity effect in ions. Common IBL mainly includes focused ion beam (FIB) lithography
and ion projection lithography (IPL). FIB lithography uses physical interactions between
ions to modify the surface layer of the substrate. Depending on the weight of the ions
used (typically gallium, Ga*), the working beam current, and the acceleration voltage, FIB
technology can not only perform ion implantation, but also perform imaging, and addition
and subtraction processes. It is notable for its ability to process any material by surface
erosion and is widely used in micro-technology and metrology. FIB has a considerable
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advantage over EBL in terms of resolution when making high aspect ratio 3D structures.
IPL is a mask process, it is suitable for mass production, mainly for repairing masks and
writing directly to wafers [65,66].

To study the application of EBL and IBL, Palka et al. explored the applicability
of As50Se50 thermal evaporation film in wet etching with amine solution in EBL and
observed that the change of chemical resistance induced by light had the same trend as
that induced by electron beam, and the chemical resistance increased significantly with the
increase of irradiation dose. A diffraction grating with a period of 100 nm was prepared
on As505e50 film by EBL, as shown in Figure 4a [67]. Rius et al. studied the influence
of electron beam and ion beam on CMOS circuit damage by local exposure of selected
region and specific position around CMOS circuit. The importance of electron beam energy
on exposure localization was studied, the optimal exposure conditions were determined,
and the method of manufacturing monolithic nano-mechanical devices to CMOS circuit
through EBL or IBL was presented, as shown in Figure 4b,c [68].
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Figure 4. (a) Diffraction grating of 100 nm period prepared in AssySes thin film using EBL. (b) Nano-
mechanical structures monolithically integrated into CMOS circuits have been fabricated with the
combination of electron-and ion-beam lithography. (c) The compatibility of both fabrication processes
is demonstrated from the electrical measurements of the nano-mechanical device in operation.
Reprinted with permission from Refs. [67,68].

Micro-structures fabricated by lithography can be used in different fields. In terms of
optical imaging, Bae et al. developed a new method for fabricating multi-focal micro-lens
arrays with extended depth of field using multi-layer lithography and thermal reflux,
providing a new approach for the development of various 3D imaging applications, such as
light field cameras or 3D medical endoscopes [69]. Tong et al. used Monte Carlo simulation
and EBL to study the grayscale lithography conditions systematically and copied resist
as a template. The gold colored Kinoform lens B with a diameter of 200 um and a height
of 3.5 um was successfully prepared by electroplating, as shown in Figure 5a. It has the
advantages of high resolution lens and high focusing/imaging efficiency [70]. In terms of
medicine, Au-Kathuria et al. fabricated polymer microneedle arrays by lithography, which
provide potential applications in the delivery of low- and macro-molecular therapeutic
drugs through the skin [71].

In order to solve and optimize the limitations and applications of EBL, different
optimization methods have been proposed. EBL resolution below 10 nm is mainly limited
by resistance contrast and proximity effect, Heusinger et al. used EBL to optimize the
pseudo-stray light peak, also known as the “Rowland ghost”, and developed a method
to improve the stray light performance of binary spectrograph gratings [72]. Andrea
et al. used the focused helium ion beam to expose resist, which could reduce the perfect
development of dense lines by 20 nm, thus compensating for the proximity effect. An
optimized reactive ion etching process was used to demonstrate the pattern transfer of
10 nm line with aspect ratio of 10 in silicon, its images of scanning electron microscope
(SEM) as shown in Figure 5b [73].
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Figure 5. (a) A complete Au Kinoform lens and the insert gives the cross-sectional view of the plated
zones. (b) SEM images of two examples of pattern transfer using the optimized reactive ion etching
process at 80 V bias. (c) Images of 30 nm Siemens star by the 30 nm Fresnel zone plate in soft X-ray,
taken with the scanning transmission X-ray microscope system. Reprinted with permission from
Refs. [70,73,74].

When the width of the outermost region approaches 30 nm or less, electrodeposition of
gold into EBL becomes increasingly difficult in the narrow grooves replicated in the resist.
In this case, Zhu et al. studied the recent progress in the preparation of 30 nm Fresnel band
sheets by EBL and controlled pulse voltage electroplating. Pulse electroplating instead
of conventional direct-current has been attempted, and Siemens cluster imaging with the
narrowest linewidth of 30 nm has been demonstrated in soft X-rays (706 eV) to verify
system performance [74]. Figure 5c is a soft X-ray image of Siemens Star taken at 706 eV by
self-made Fresnel zone plate.

Grayscale lithography displays 3D structures by modulation of ultraviolet (UV) expo-
sure or control of UV dose through the mask to expand the lithography technology to 3D
manufacturing [75]. However, it is only applicable to the manufacturing of 3D structures
with small aspect ratio. For complex surface structures, it is not enough to achieve good
machining accuracy [76]. The advantages of different technologies can be extended by
combining different lithography and etching processes, Nachmias et al. described the use of
grayscale lithography, reactive ion etching, or deep reactive ion etching to transfer patterns
from grayscale resists to silicon substrates to fabricate Fresnel lenses efficiently [77].

EUV lithography uses EUV with a wavelength of 10-14 nm as a light source. EUV
means that ultraviolet light is emitted from the K pole of the ultraviolet tube stimulated
by electricity. It can extend lithography technology to less than 32 nm [78]. EUV is able
to reflect optics, reflective masks, and vacuum environments, giving it an advantage over
other lithography. EUV lithography is based on optical projection lithography, and the
physical properties of 193 nm and 248 nm lithography can be directly applied to EUV. By
employing an aggressive optical design with 0.45 numerical aperture and 0.32 numerical
aperture, EUV can be extended to print half-pitch features of less than 22 nm. It is a reduced
lithography technique, with a marking feature four times larger than the final pattern.

In addition, colloidal lithography is a very important technology for large surface area
micro and nano fabrication; large area self-assembly of colloids without the need for expen-
sive equipment can be achieved [79-82]. Liu et al. proposed an optimal demolding process
to obtain high pattern transfer fidelity while avoiding distortion of soft imprinting molds
and supports, and to effectively decrease the demolding force [83]. Olalla et al. proposed
the use of colloidal lithography to map wavelength-sized pyramidal feature composition
structures, and these top-coated structures as post-processing post-deposition solar cells to
facilitate and expand their industrial applicability [84]. Centeno et al. proposed a simple,
low temperature, low cost, and scalable colloidal lithography method for designing sur-
faces with effective light trapping and hydrophobic functions. The controllable nano/micro
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structure of its surface features also produce strong anti-reflection and light scattering
effects, which increase the average daily energy generation by 35.2% [85].

In summary, although the lithography technology has high resolution, it has high
cost of lithography equipment. It is usually suitable for the preparation of 2D structured
surfaces, not applicable for the fabrication of 3D complex micro-structures, especially
curved surface structures. The development of X-ray lithography and grayscale lithography
allow lithography methods to be initially applied to the preparation of 3D continuous
relief micro-structured surfaces. However, it needs masks with high production cost, the
complexity of 3D surface is limited, and the surface controllability is low. The characteristics
of lithography technologies are summarized in Figure 6.
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Figure 6. The characteristics of lithography technologies.
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2.2. High Energy Beam Direct Writing Technology

High energy beam direct writing technology is a non-contact machining technology,
which changes the material state and property, realizing shape control and performance
control through the interaction of high energy density beam and material. High energy
beam refers to the directionally transmitted high density energy beam in free space, includ-
ing laser beam, electron beam, ion beam, etc. It has controllable energy, beam density, time,
and space. High energy beam direct writing can produce complex structures by non-contact
and selective multi-scale control or material state change. Since time and space can be
manipulated, it is possible to create complex 3D structures [20]. Among them, laser direct
writing technology uses laser beam with variable focusing energy and focusing position
to expose anticorrosive materials and form surface relief or 3D structures on them [15,86].
The basic working principle of the laser direct writing system is to use the computer to
control the high precision focused beam to scan accurately and write the designed graphics
directly on the photoresist [87,88]. As an important micro-machining technology, laser
direct writing technology has the advantages of high precision, strong 3D machining ability,
no mask, and high production efficiency, which is conducive to the production of high
precision and complex micro-optical devices and meets the development requirements
of micro-optical technology. Xu et al. used focused ion beam direct writing (FIBDW)
method to prepare the star structures of spokes with a width of 25 nm~16 um, as shown in
Figure 7, which is applicable to the comparison of resolution measurement methods [89].
However, the machining efficiency of this method is low, which has advantages for small
size precision micro-structures machining. Mizue et al. used femtosecond laser pulses to
rapidly heat and reduce glyoxylic acid metal (Cu, Ni, and Cu/Ni mixed) complexes on
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glass substrates and directly write patterns of Cu, Ni, and Cu-Ni alloys without significant
oxidation. This direct writing technique of pure metal and alloy allows various sensors to
be printed in air [90].

g g \\\ “‘
4 '/“yl-\\‘\\. \

Figure 7. Star structures measured by various methods. (a,b) Star I measured by confocal laser
scanning microscope with 427 x and phase shifting interferometry with 503 <, respectively; (c,d) Star
II measured by vertical scanning interferometry with 201 x and 503 X, respectively. (e, f) Star center
measured by SEM and AFM, respectively. Reprinted with permission from Ref. [89].

In summary, some high energy beam manufacturing technologies are capable of
producing complex 3D structures with high resolution. For example, current electron beam
manufacturing technologies have been able to produce smaller fine structures. However,
high energy beam manufacturing is based on “point scanning” manufacturing technology,
which has low machining efficiency and can only be used for the preparation of micro-
structured surfaces with very small size.

2.3. Special Energy Field Machining Technology

Electromagnetic machining technology [21] and ultrasonic machining technology [91]
can be classified as special energy field machining. Ultrasonic machining removes materials
by means of ultrasonic frequency tools with small amplitude vibration in the abrasive liquid
medium or dry abrasive, abrasive impact, polishing, and cavitation [92,93]. Along a certain
direction of the tool or workpiece is subjected to ultrasonic vibration to carry out vibration
machining, the workpiece surface materials to be processed mainly under the action of
mechanical impact peeling, accompanied by polishing and super cavitation finally realize
the forming process [94,95]. The workpiece is bonded to each other by ultrasonic vibration.
The material removal rate is enhanced through the combination of ultrasonic vibrations
and abrasive slurry actions [96,97]. It has a wide range of applications and is not limited
by the electrical conductivity of materials. Special energy field machining has advantages
of high strength and hardness, which can effectively solve the problem of difficult-to-cut
materials [98,99]. It can obviously reduce the machining damage of cutting force, reduce
tool wear, avoid surface microcrack, and improve surface machining quality and efficiency.
It can machine not only hard alloy and other metal materials, but also non-metallic hard
and brittle materials such as ceramics, glass, and gemstones. However, it is only suitable for
the machining of simple micro-structures with low machining resolution [100]. Schematic
diagram of the combined ultrasonic vibration assisted milling and minimum quantity
lubrication methods is shown in Figure 8.
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Figure 8. Schematic diagram of the combined ultrasonic vibration assisted milling and minimum
quantity lubrication methods. Reprinted with permission from Ref. [101].

In conclusion, special energy field machining, including electromagnetic machin-
ing and ultrasonic machining, can be applied to ceramics, glass, and other brittle ma-
terials. However, it has low machining resolution. It can only be used for machining
simple micro-structures such as micropores, but not for the fabrication of 3D complex
micro-structured surfaces.

2.4. Molding Technology

Molding technology, hot pressing technology, and injection molding technology [102,103]
can be unified as molding technology. Molding technology involves placing the plastic
in the mold for heating to await plastic softening. Molding out of the workpiece is in
line with the requirements of use under the external pressure. It is suitable for thin flat
optical lenses, such as micro-lens arrays. The principle of molding equipment is simple
and used for production of multiple varieties and small batches. Therefore, it has economic
advantages in the manufacturing of experimental supplies and the research of optical
plastic materials, and also shortens the experimental period. Hot pressing technology must
go through several stages such as heating and heat preservation, hot pressing, slow cooling,
and demolding. It has the advantages of high efficiency, is suitable for mass production of
various optical devices, especially aspheric lens, lens array, and diffraction lens, and it is
environmentally friendly and pollution-free. However, there is morphological deviation
after machining. This kind of method has relatively simple equipment requirements, short
machining cycle, and mass production, which is conducive to industrialization. It is widely
used in the machining field of optical components with low precision requirements, such
as freeform surface components for lighting. However, this method has strict requirements
on technological parameters and process, and the accuracy of the product is related to
the accuracy of the mold; whereas other machining methods are required to provide
high-precision molds [104].

In order to optimize the method of machining high-precision products by injection
molding technology, Guo et al. developed an online decision system consisting of a new re-
inforcement learning framework and a self-predictive artificial neural network model. The
system has good convergence performance in lens production and the decision model has
better robustness and effectiveness in the online production environment. Figure 9 presents
the warpage results of different process conditions [105]. Warpage is one of the serious
defects of thin-wall injection parts. Wang et al. used dynamic filling and filling process
parameters as new design variables for the first time to optimize the warpage design.
The ambiguous functional relationship between the target (maximum warpage) and the
12 process parameters was approximated by the Kriging proxy model. An efficient global
optimization method (expected improvement method) is used to search for optimal solu-
tions. Finally, a set of dynamic injection molding process parameters were given, through
which the maximum warpage of plastic parts could be greatly reduced [106].
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Figure 9. The warpage results of different process conditions. Reprinted with permission from
Ref. [105].

2.5. LIGA Technology

LIGA technology [22,107] is a combination of lithography, molding, and injection
molding technology. LIGA technology is short for German Lithographie Galvanformung
and Abformug. It mainly uses X-ray deep exposure, micro-electroforming, micro-plastic
forming, and other technologies to carry out micro-mechanical machining. LIGA technol-
ogy can fabricate structures with large aspect ratios, up to submicron in width and hundreds
of microns or even millimeters in depth, making it suitable for complex micromechanical
structures [108,109]. It can be used in a wide range of materials, including metal, plastic,
polymer materials, glass, ceramics, and they can also be combined. At the same time, the
micro-structure obtained by LIGA technique has well-defined geometry and dimensions,
straight and smooth sidewalls, and tight tolerances [110]. Polymer structures with high
precision can be obtained through plastic casting after metal molds are obtained by X-ray
deep exposure and micro-electroforming, which is suitable for large-scale production. It
can be applied to the deep micro-structure of many research and development departments
and industrial products [111]. However, LIGA technology requires expensive machining
equipment, and it is difficult to fabricate micro-structures on curved substrates. Ma et al.
fabricated multi-layer metal micro-structures with high precision and high quality by using
ultraviolet (UV)-LIGA overlay processes, including mask manufacturing, substrate machin-
ing, and UV-LIGA overlay technology. The electroplating images of its multi-layer metal
micro-structure are shown in Figure 10 [112].

KPS Z208mm

Figure 10. (a) SEM images of the multi-layer metal micro-structure was fabricated using UV-LIGA
overlay technology; and (b) SEM image of the first layer micro-structures. Reprinted with permission
from Ref. [112].
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2.6. Ultra-Precision Machining Technology
2.6.1. Applications of Ultra-Precision Machining Technology

UPM includes ultra-precision diamond turning (turning classification as shown in Figure 11),
scratching, milling, ultra-precision grinding, and polishing. The UPM technology is based
on a diamond tool with a sharp cutting edge, high hardness, good wear resistance, ability
to realize ultra-thin cutting thickness, and other characteristics. Diamond cutting is the
most representative method of UPM.

Single point diamond turning

i
: 2 — . ¥ _____ :
Change position of the tool and the workpiece | High frequency Low frequency \: |
R ; _______ \ i i Long stroke Short stroke : E
| Tumne  Cuting TR S S
ot S ____—_/ _______ i :l Fast tool servo Slow tool servo i
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|

Figure 11. Classification of single point diamond turning.

Natural diamond is regarded as an ideal tool material because of its excellent proper-
ties, such as high hardness, high thermal conductivity, low coefficient of friction, high wear
resistance, and low affinity with non-iron metals [16,113]. Due to these great tool cutting
edge performances, ultra-precision diamond cutting can machine various freeform surfaces
and complex optical components, and generate complex optical surfaces by manipulating
the cutting depth within the micrometer range. Moreover, diamond tools have inherent tool
nose radius, clearance angle, rake angle, and different tool geometry, which plays a key role
in mathematical calculation and experimental preparation [114]. Moreover, ultra-precision
diamond cutting has an effective tool path generation strategy for complex surface struc-
tures, which has great advantages in the machining of micro-structures [114-116]. Early
diamond tools were limited to machining soft and malleable non-ferrous metal materials,
such as aluminum and copper [117]. At present, ultra-precision diamond cutting has been
extended to silicon, steel, and other difficult-to-cut materials [23], which have special func-
tions and meet the needs of optical, semiconductor, mold, and other industries [118-120].
However, rapid tool wear is still a problem to be solved.

Ultra-precision diamond turning technology is generally termed single point diamond
turning. The relative position of the tool and the workpiece is precisely controlled by
the computer numerical control system of the lathe to turn, which can directly fabricate
high-precision complex surface optical components. Turning technology is mainly used
for machining infrared crystal, non-ferrous metal, and part of the laser crystal and optical
materials such as plastic optical element. It can machine complex surface shape or special
surface form of optical element, such as high order aspheric, diffraction optical element, the
diffraction hybrid optical element such as rotational symmetry complex curved surface, and
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can also fabricate micro-lens array, precision die, micro-pyramid array, freeform surface,
and other non-rotational symmetric surfaces [121].

The researchers developed different cutting methods based on turning. Shigeru et al.
proposed a new method for single point diamond turning micro-cavity array based on fast
tool servo (FIS). A computer program was developed to control the tool path, periodically
arrange small quadrics on the large curved surface, and adjust the position, height, and size
of each surface by using random values. Its dynamic range was preset to control spatial
differences. The rotary steerable system was machined by continuous cutting method and
subsection cutting method, respectively. The designed cutting method improved the edge
accuracy and the form error was controlled below 10 nm level PV [122]. The basic shape
of the quadric can be changed by changing the value of each coefficient of the quadric
function, as shown in Table 1.

Table 1. The basic shape of a quadratic surface and typical shape changes obtained by varying the
value of each coefficient of the quadratic surface function. Reprinted with permission from Ref. [122].

Basic

i

---
|

---
I
1

Ultra-precision diamond scratching is a fundamental approach to investigating surface
integrity [123]. It can create the complex micro-structured surfaces such as three-focus
Fresnel lens, micro cube corners, and freeform micro-lens array under the C-axis mode for
re-orientating or re-positioning. In the machining, the cutting process is mainly controlled
by linear slide servo motions and the C-axis is only used to orientate or position workpiece
or diamond tools. Its material removal rate is also relatively low [35]. T. Moriya et al.
fabricated curved V-shaped microgrooves with two flat-ends on a curved surface by using
a six-axis controlled non-rotational cutting tool [124]. Y. Takeuchi et al. studied the method
of designing and manufacturing micro Fresnel lenses with non-rotational diamond cutting,
which can accurately and neatly produce multi-focus micro Fresnel lenses without any
burrs [125]. Afterward, his team also developed a six-axis control machining CAM system
using a non-rotational cutting tool. The system is used to generate microgrooves on
sculpted surfaces [126].

Milling is a technology that uses workpiece fixation and tool rotation to obtain surface
shape. Ultra-precision milling is generally used with a diameter of less than 50 um milling
cutter, tool materials are usually natural diamond, tungsten carbide, cubic boron nitride
(CBN), etc. Machining workpiece materials are copper, aluminum, titanium, steel, and
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other non-ferrous metals. It is usually used for end milling on ultra-precision five-axis
machine tools, which is suitable for machining freeform surfaces, but it is difficult to install
and adjust the workpiece. The surface shape is affected by the size of the milling cutter. The
machined surface has a large roughness value and a long machining cycle, thus expensive
multi-axis ultra-precision machine tools are needed. To improve cutting performance,
Chen et al. designed a miniature end milling cutter for machining GH4169, a nickel-base
superalloy with high stiffness and sharpness. One-dimensional finite element method
was used to determine the optimal geometric parameters of the cutter. Polycrystalline
diamond (PCD) micro end milling cutter with better cutting performance was prepared
by laser-induced graphitization assisted precision grinding method [101]. Owen et al.
proposed an error reduction method based on manual, using spherical artifact to establish
the tool error model, and applied it to the free surface machining [127].

Grinding is the process of removing excess material from the workpiece with abrasives
and tools. The machining surfaces of the workpiece processed by diamond grinding show
obvious peak-valley interphase structure and the surface does not appear the situation
of tool copying. The workpiece surface integrity of grinding is good and the degree of
subsurface damage is low. Therefore, grinding is suitable for some specific crystal materials.
However, due to the wear and dressing error of grinding wheel, the machining accuracy
is affected. Yu et al. established a three-axis linkage orthotic model of diamond grinding
wheel and used true diamond grinding wheel to grind the aspherical structure array of
tungsten carbide. An online shaping method of ultra-thin arc-shaped diamond grinding
wheel was proposed, which can achieve the expected arc radius of grinding wheel, realize
efficient and accurate grinding of non-binder carbide die, and obtain the surface of tungsten
carbide aspherical micro-structure array with shape accuracy of 15 pum. The micro-structure
array is shown in Figure 12 [55]. Luo et al. studied the wear process of metal-bonded
diamond grinding wheel in the process of sapphire single crystal surface grinding to find
the mechanism of the influence of grinding wheel wear on workpiece surface quality [128].
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Figure 12. (a) Laser scanning microscope photos of the micro-structure array workpiece after fine
machining; and (b) profile accuracy of the micro-structure array. Reprinted with permission from
Ref. [55].

Polishing is usually one of the last processes of UPM, which can eliminate the surface
and sub-surface damage of the machined parts and improve the surface shape. In the
process of machining, it is inevitable to leave sharp points and stripes on the workpiece.
These machining marks or chip residues must be removed by the polishing process [129].
Ultra-precision polishing is widely used in high-precision surface finish machining with
high form accuracy and good surface roughness. Meng et al. proposed a new method
for machining ultra-high precision textured surfaces from silicon carbide materials. The
grooves and pits of two different sizes were compared. It is found that groove texture has
a greater effect on polishing quality than pit texture at the same size [130]. Wang et al.
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proposed an ultra-precision numerical control polishing method based on the principle of
water dissolution, which uses small polishing tools to process large KDP surfaces [131].
Cheung et al. conducted theoretical and experimental studies on computer controlled
ultra-precision polishing of the structure surface and established a model-based simulation
system for structure surface generation, which was able to predict the shape error and
pattern of 3D textures generated by computer controlled ultra-precision polishing [132]. Xu
et al. proposed a novel computer controlled ultra-precision polishing hybrid manipulator,
which is suitable for freeform surfaces polishing [129].

The characteristics of different micro-structures manufacturing methods are summa-
rized in Table 2.

Table 2. Comparison of different fabrication methods for micro-structured surfaces. Reprinted with
permission from Refs. [20,97,101,133-137].

Method Classification Advantage Disadvantage Schematic Diagram
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. : i)f)_rll?,eam high resolution high cost |
Lithography e  mass produce o  difficult masks
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High
Pol
_ o  laser beam high precision o low efficienc Yoliags Sglz?i]:;
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direct writing e  ionbeam e 1o mask not for large size ——Liquid Jet
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< | Collector
. wide applications
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2.6.2. Studies of Diamond Tools by Focused Ion Beam Technology (FIB)

Due to the high precision of UPM, the machining quality is easily affected by various
factors, such as precision machining lathes, cutting tools or grinding wheels, machining
methods and parameters, machining objects, fixtures, and external environment. In ultra-
precision cutting, the quality of cutting edge determines the machining quality as a tool
that directly contacts the machined material. Natural single crystal diamond is generally
selected as ultra-precision cutting tool material, mainly due to its own wonderful physical
and chemical properties, such as high hardness, high wear resistance, good thermal con-
ductivity, etc. FIB technology is an important method to prepare diamond tools. In recent
years, the focused ion beam technology, which utilizes high-intensity focused ion beam
to nano-machining materials, has become the main method for nanoscale analysis and
manufacturing, combined with real-time observation by high-multiple electron microscopy
such as SEM [71]. It has been widely used in diamond tool preparation, semiconductor
integrated circuit modification, cutting, and fault analysis.

FIB system is a micro-cutting instrument that uses an electric lens to focus ion beam
into a very small size, which can achieve material stripping, deposition, injection, cutting,
and modification. At present, the ion beam of commercial systems is liquid metal ion
source. The metal material is Ga because of its low melting point, low vapor pressure,
and good oxidation resistance. Typical ion beam includes liquid metal ion source, lens,
microscope scanning electrode, the secondary particle detector, 5-6 specimens of axial
moving base, vacuum system, vibration resistance, magnetic devices, electronic control
panel, and computer hardware equipment. Applying an electric field to the liquid metal
ion source can make the liquid metal form a small tip, and the negative electric field is
added to pull the metal or alloy at the tip, thus leading to the ion beam. The ion beam
is focused through an electrostatic lens and passes through a series of automatic variable
aperture (AVA) to determine its size. The desired ion species were screened by ExB mass
analyzer. The ion beam is focused on the sample and scanned by an octupole deflector and
an objective lens. The ion beam bombards the sample. The resulting secondary electrons
and ions are collected and imaged using physical collisions to cut or grind.

There are several main functions in FIB technology. In the IC production process, if it
is found that there are some errors in the etching of the micro-circuit, the original circuit
can be cut by FIB, then the fixed area is sprayed with gold and connected to other circuits
to achieve circuit modification, with the highest accuracy up to 5 nm. In addition, if there
are micro and nano-level defects on the surface of the product, such as foreign bodies,
corrosion, oxidation, and other problem:s, it is necessary to observe the interface between
the defect and the substrate. Using FIB, the defect location section sample can be accurately
positioned and cut, and the interface can be observed by SEM. For micron size samples,
after surface treatment to form a film, it is necessary to observe the structure of the film and
the degree of combination with the base material, using FIB cutting sample preparation,
and then using SEM observation.

Different studies have been carried out to explore the characteristics of FIB technology.
In order to obtain the specific tool geometry, diamond grinding wheel is an effective method
for machining hard metals, with WC-Co carbide as the main material of the die. Yang
et al. characterized the grinding damage of WC-Co class by FIB tomography, as shown in
Figure 13a [138]. Rubanov et al. applied high pressure and high temperature annealing
to graphitize the diamond implanted layer formed by a 30 keV Gat FIB. The implanted
layer was studied by electron microscopy. The influence of ion implantation on diamond
structure is studied by using electron microscope imaging and spectroscopy, as shown in
Figure 13b,c [139]. Tong et al. established a large-scale multi-particle molecular dynamics
simulation model to study the dynamic structure changes of single crystal diamond under
5 keV Gat irradiation, combined with transmission electron microscopy (TEM) experiments.
Figure 13d shows the TEM section image of diamond sample irradiated by 5 keV Ga* [140].
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Figure 13. (a) Schematic of FIB serial sectioning process, (b) bright field image, (c) high resolution
electron microscopy image with fast Fourier transformation on the inset of implanted layer with Ga
fluence of 4 x 10'% ions/cm? and (d) TEM images of damage region after 5 keV Ga* irradiation with
fluence of 1.0 x 10'8 jons/cm?. Reprinted with permission from Refs. [138-140].

FIB can be used with the preparation of anisotropic wetting surfaces; Wu et al. pro-
posed a new method for high-throughput preparation of anisotropic wetting surfaces with
good transparency and developed a multi-step FIB machining method to achieve accurate
and reliable machining of non-conductive materials such as single crystal diamond tools.
Figure 14 shows the evolution of tool tip microfeatures in FIB multi-step milling. The tool is
used to process a variety of substrates, from metals to plastics, under a variety of conditions.
All machined surfaces exhibit significant anisotropy at contact angles, being hydrophobic
in one direction and highly hydrophobic in the other. It is found that anisotropic wettability
depends only on micro-structure design and material properties. This method can produce
anisotropic wetting more quickly than other methods [141].
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Figure 14. (a) Schematic of evolution of the micro-features on the tool tip during the multistep
FIB milling process, (b) schematic of the corresponding top view of the three steps, (¢) SEM image
of diamond tool milled by FIB conventionally in a single step, (d) SEM images of diamond tool
milling by FIB with multi-step with ripples and round corners. (e) Tool #1 with 1 pm x 1 um
grooves and 30 pm spacing, (f) tool #3 with 5 um x 8 pm grooves and 50 um spacing, (g) tool
#4 with 5 pm X 5 pm grooves and 20 pm spacing, (h) tool #2 with 2 pm x 2 pm grooves and 30 um
spacing Reprinted with permission from Ref. [141].
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FIB can be used to study diamond tool damage. Tong et al. studied the effect of FIB on
the damaged layer of single crystal diamond tool under different FIB treatment voltages
by TEM measurement and molecular dynamics simulation [142]. Takenori et al. studied
the sharpening of the cutting edge of a single crystal diamond tool by an argon ion beam
machine tool; the etching rate could be changed by changing the irradiation angle of the
beam on the processed surface [143].

FIB can also be used to prepare and improve diamond tools with different require-
ments. Wei et al. can produce diamond tools with edge radius of nanometer by FIB
technology, which can be used for UPM. The schematic diagram of tool edge radius is
shown in Figure 15. In the nano-cutting process, the ratio of the minimum chip thickness
to tool edge radius is about 0.3~0.4 [144]. Wang et al. proposed a new cutting method
based on force modulation method for multi-tip diamond tools to process micro-structured
surfaces, its cutting schematic diagram is shown in Figure 16. A multi-tip diamond tool
with periodic sinusoidal micro-structure was prepared by FIB technology [145].

Cutting edge to 34
be measured 48

Figure 15. Field emission scanning electron microscopy measurement of the tool edge radius. (a) the
cutting edge, (b) the error factors may come from the rotation of X and Y axes for the platform that
fix the tool to be fabricated, (c) the measurement setup and result of a diamond tool developed by
FIB with edge radius less than 20.95 nm. Reprinted with permission from Ref. [144].
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Figure 16. Schematic representation of multi-tip diamond tool cutting. Reprinted with permission
from Ref. [145].
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Kawasegi’s research team had performed a lot of research on the preparation of
diamond tools by FIB technology. Kawasegi et al. proposed a fabrication method for
diamond tools with surface textures. In order to improve the machining performance
of diamond tools, a texture with a depth of 43 nm and a width of 1.8 pm was prepared
by FIB on the front surface of diamond tools, and heat treatment was carried out, as
shown in Figure 17. Compared with femtosecond laser and direct FIB sputtering, this
method has a better cutting effect on diamond tools. Due to the high resolution of FIB
irradiation, FIB-induced non-diamond phase can be removed to avoid adverse effects on
cutting performance [146]. Kawasegi et al. describe a technique to improve diamond
tools for nanometer- and micrometer-scale machining and forming by FIB micromachining.
Figure 18a,b shows NiP surface machining using FIB and processed tools [147]. Although
the FIB technique is an effective means to fabricate nanometer- and micrometer-scale
tool shapes, ion irradiation can lead to doping, defects, and reduce tool performance.
Kawasegi et al. used 500°C heat treatment combined with aluminum deposition to remove
Ga ions caused by ion irradiation in order to process FIB on a single crystal diamond
tool without degrading the tool performance. The method was evaluated by machining
aluminum alloy and NiP. The surface morphology of NiP is shown in Figure 18c—e [148].
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Figure 17. Textured diamond cutting tool fabricated by FIB irradiation and subsequent heat treatment.
(a) SEM image of the rake face of the textured diamond cutting tool surface; (b) enlarged image of the
texture measured by atomic force microscope. Surface topography of the rake faces textured in the;
(c) perpendicular; and (d) parallel directions and measured with a coherence scanning interferometer.
Reprinted with permission from Ref. [146].
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Figure 18. Cross-sectional images of the NiP surface following machining using the (a) FIB tool;
(b) heat-treated tool, with a cutting distance of 19,040 m. Surface topography of the NiP surface after
machining with; (c) non-FIB; (d) FIB; and (e) treated tools, measured using a white light interferometer.
Reprinted with permission from Refs. [147,148].

3. Fast/Slow Tool Servo Technology
3.1. Fast Tool Servo (FTS)

With the continuous improvement of the requirements for micro-structured functional
surfaces, traditional machining methods have been unable to meet the requirements of ma-
chining efficiency and accuracy. UPM technology combined with FTS has been developed
and applied to the important machining methods of complex micro-structured functional
surfaces [149].

FTS system is an independent closed-loop operating system, which is mainly com-
posed of a FTS device and controller. In recent years, the guiding mechanism, actuator,
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and displacement sensor are the key components of FIS devices that have attracted the
most attention. Various mechanical structures and actuators, high-performance controllers
and trajectory tracking control algorithms are needed to control FTS devices to obtain high
precision, high bandwidth, and high motion resolution. In addition, the tool path and
machining parameters of a given freeform surface need to be calculated and optimized.
The 3D surface topography of micro-structures such as lens array can be represented by
cylindrical coordinates. The coordinates of each point on the surface are represented by
three variables, spindle rotation angles, shaft feed, and tool feed. Before machining, preset
the spindle speed and feed rate, then according to the tool path to discretization of micro-
structure surface form, get the points on the tool path of cylindrical coordinates. According
to the spindle speed and feed speed set before, the micro-structure machining is controlled
synchronously by c-axis encoder cutter servo cutting motion and C-axis rotation. The FTS
module and its control system are the core of the whole machining system. By collecting
the angle signal of the rotary spindle, the control system can control the precision feeding
movement of the diamond tool with high frequency and short stroke in real time, so as to
complete the machining of the 3D profile of the workpiece.

The FTS system has the characteristics of high stiffness, high frequency, and high
positioning accuracy, which is suitable for machining complex micro-structures with large
surface changes or discontinuous parts and short stroke. The feed frequency of the FTS
module can reach more than 1 KHz. It has gradually developed into one of the mainstream
technologies of micro-structured surface machining from the error compensation of the
original ultra-precision lathe.

Researchers are constantly developing and optimizing the FTS system to improve the
machining performance. Tong et al. developed a freeform surface micro-groove machining
system based on a FTS machining and measuring platform. It can synchronize and control
all integrated sensor systems and CNC machine tool systems to achieve closed-loop process
control for freeform surface manufacturing and metering. From improving tool alignment
accuracy (<1 um), fast data synchronization and conversion, integrated machine surface
measurements and surface feature functions, including lens surface micro-grooves and
Alvarez lens measurements, as shown in Figure 19 [150]. Zhong et al. developed a special
controller with internal data machining algorithm, and successfully integrated online sur-
face measurement into the ultra-precision FIS system by adjusting and synchronous data
flow, which greatly improved the measurement efficiency and machining accuracy [151].
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Figure 19. (a) Surface characterization of machined 4 x 4 lens array with micro grooves: overview
of lens array with micro-grooves, a single lens with micro grooves, after form removal operation
extracted micro-grooves after lens shape and measurement outlier removal, cross-sectional view
micro-grooves. (b) Surface characterization of Alvarez lens with micro-grooves: on-machine surface
measurement measured raw data, Alvarez lens shape calculated by 2nd order robust regression filter,
after lens shape removal operation, extracted surface micro grooves after optical measurement outlier
removal, cross-sectional view of micro-grooves. Reprinted with permission from Ref. [150].
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3.1.1. Classified by Actuators

The main difference of FTS system lies in the actuator and mechanical structure.
According to the different actuators, it could be divided into piezoelectric FIS (PZT-FTS),
magnetostrictive FTS (MGS-FTS), Lorentz force FTS (LRI-FTS), and Maxwell normal stress
FTS (MNM-FTS) [152]. The characteristics of the FTS system driven by various drivers are
concluded in Table 3.

Table 3. The characteristics of the FTS system driven by various drivers.

Driver Principle Advantages Limits Applications
compact structures
e  maximum response
frequency hst .
. ysteresis
PZT-FTS Piezoelectric effect ~ ® ~ nanometric : idest applicati
iezoelectric effec positioning accuracy heating problem widest application
e  high dynamic
stiffness
high output force . temperature sensitive ] )
MGS-FTS Magnetostrictive effect greater stiffness e  hysteresis mlcro—c'ilsplac?r'ner}t
° simple structure heating problem and precise positioning
e low response
large output frequency )
LRT-FTS Lorentz force extra-long stroke e large mass of large stroke Wlth a
e  easy to control motion system small bandwidth
° heating problem
ultra-high frequency ° non-linearity ultra-high frequency
MNM-FTS response and high

Maxwell normal stress o high force density

positioning error
acceleration potential

The piezoelectric actuator is designed by the inverse piezoelectric effect of piezoelectric
materials (such as lead zirconate titanate series). They are energy transducers that convert
electrical energy of voltage amplitude into mechanical energy of micro-displacement. It is a
common FTS device with many advantages such as fast response speed, high acceleration,
wide frequency response range—even up to several kilohertz, the closed-loop positioning
accuracy can reach nanometer level and has a large output force density—high axial stiff-
ness, simple structure, no transmission mechanism, and the open-loop system is stable and
easy to control [153]. At the same time, there are some disadvantages: piezoelectric ceramic
actuator requires high driving voltage, usually from several hundred volts, up to one thou-
sand volts; its output displacement is small, and it cannot fabricate the topography with
large surface drop; there are time delays and nonlinear phenomena between input voltage
and output displacement; and the control algorithm is complicated. Therefore, FTS based
on piezoelectric actuators is more suitable for compensating the motion errors of machine
tools or machining micro-structural surfaces and small amplitude freeform surfaces.

To improve the tracking performance of traditional tool servo system, Zhao et al.
developed a series two-stage FIS system driven by two piezoelectric actuators using
flexible hinges for motion guidance [154]. Wang et al. developed a FTS mechanism based
on piezoelectric actuator to add additional functions to the general CNC system to facilitate
turning of middle-convex varying ellipse piston, which improved the requirements of
cutting feed mechanism for strength, high stiffness, fast response, long stroke, and high
precision [155], in order to overcome the defect of short servo stroke of PZT-FTS. Kim et al.
described the optical surface of the second mirror, which is often needed in optical imaging
system, in order to obtain large and high bandwidth tool motion, as shown in Figure 20.
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A new long stroke fast tool servo system is proposed and installed on Z-axis of diamond
lathe as an additional synchronous axis [44].
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Figure 20. Freeform surface for second mirror in optical imaging system. (a) Rotationally symmetric
component for the Z-axis; (b) non-rotationally symmetric components for the Long-stroke fast tool
servo (LFTS); (c) the trajectories in the radial direction followed by the LFTS; and (d) the trajectories
in the circumferential direction followed by the LFTS. Reprinted with permission from Ref. [44].

Magnetostrictive actuator is designed by using the properties of magnetostrictive
material stretching or shortening along the direction of magnetization under the action of
magnetic field [156,157]. The driving mode has the characteristics of large output force,
fast frequency response, and high resolution. Compared with magnetostrictive materials,
FTS driven by piezoelectric ceramics has a larger stroke, and magnetostrictive materials
have inherent nonlinearity and magneto-hysteresis [158]. Hayato et al. proposed a FTS
mechanism milling system based on giant magnetostrictive actuator. The system can
control the axial movement of the milling cutter spindle when it is rotating in a non-contact
state. FTS unit provides accurate machining movement through displacement feedback
of coaxial capacitance sensor on the metering frame. The developed machining system
combines the large feed movement of each straight axis of the workpiece shape with the
FTS movement of the micro-geometry shape, which can efficiently process the surface with
micro-geometry shape [159].

The Lorentz force driving method is suitable for long stroke FTS, which can be divided
into three types, namely rotary motor, linear motor, and voice coil motor (VCM) [160]. The
acceleration of linear motor and rotary motor is limited in a small range due to the limited
current density and mass density of conductor material. The linear motor has a heating
problem, which limits its working frequency. The rotary motor cannot directly achieve the
linear requirements of FTS. It can indirectly achieve linear motion through the swing and
obtain higher acceleration through the amplification of the swing radius. However, the
machining accuracy and mechanism stiffness also decreased significantly.

VCM can achieve higher acceleration than linear motor. However, the accuracy of
large stroke VCM is affected, with the increase of stroke brings cost increase, and it also has
problems of high heat. VCM has a higher working frequency than linear motor, which is a
long stroke linear FTS driving mode with a wide range of applications. The VCM adopts
electric damping inside, and the flexible mechanism adopts two different viscoelastic
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damping materials. It is designed by using the galvanic conductor subjected to ampere
force in the permanent magnet field. The VCM used in the drive of FTS system have many
advantages such as the large stroke of millimeter level, the size of output force and wire
length, current intensity and magnetic field intensity is linear, easy to control, etc. VCM
usually has no hysteresis in small stroke and the relationship between current and force is
nearly linear. Unlike piezoelectric actuators, voice coil actuators do not provide inherent
system stiffness, and controller design becomes critical for adequate stiffness during the
cutting process. The motion system of voice coil motor has large inertia, high energy
consumption, and high heat generation, which limit its response frequency.

Different Lorentz force actuated of FTS systems are studied. Ding et al. revealed
the influence of acceleration feedback control on the performance of LRI-FTS system by
establishing the theoretical model of dynamic stiffness and error propagation [161]. Rakuff
et al. developed a remote, precision FTS system based on voice coil actuator. It consists of a
driven bending mechanism, a custom linear current amplifier, and a laser interferometer
feedback system; the tool can be accurately converted on the lathe [162]. Tao et al. proposed
a FTS system driven by VCM with self-sensing function of cutting force [163]. In FTS
system, flexure hinges need to withstand alternating cutting forces, and large deformation
that will reduce the stiffness, resulting in machining errors. Long stroke and high stiffness
are two mutual restraint units of flexible hinge, which limit the application of long stroke
FTS. Qiang et al. designed a cruciform flexure hinge structure with high stiffness and
selected VCM to develop a long stroke flexure hinge [164]. Tian et al. presented a new voice
coil motor driven high frequency response and long stroke remote FTS system. Experiments
on micro-lens array fabrication were performed by the designed FTS to demonstrate its
machining capability. Figure 21 is given as a diagram of the FTS structure and the processed
micro-lens array [152].

(a) Diamond Tool Air bearings Glass-scale Voice Coil Motor .

Figure 21. (a) The FTS structure diagram; and (b) the processed micro-lens array. Reprinted with
permission from Ref. [165].

Maxwell normal stress actuated FTS has the characteristics of large driving force and
small mass of system moving parts. The driving force of Maxwell force actuator has a
linear relationship with excitation current and displacement. It has high force density,
high acceleration, and low caloric value. It is a kind of FTS with the highest frequency
response. Nie et al. designed and developed the FTS system driven by Maxwell Force
to enable precise tool translation in a diamond turning lathe. The FTS system uses a
bending-based mechanism to generate motion, a customized linear power amplifier to
actuate the armature, and a capacitive sensor to gauge the precise distance. The designed
FTS is capable of achieving a frequency response of 3 KHz [166].

3.1.2. Classification by Degree-of-Freedom (DOF)

Single DOF FTS is the most common type of FTS. The movement of single DOF FTS
is to increase a high frequency linear motion along the spindle direction of the lathe. The
projection of the diamond tip on the end face of the workpiece is an Archimedes spiral
due to the joint action of the X- and Y-direction motion and the rotation of the spindle of
the traditional lathe. If the Z-axis slide of the lathe moves slowly at the same time, the
final workpiece shape is an axisymmetric surface. Single DOF FTS uses a high frequency
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Z-direction DOF attached to the machine tool movement and carries out high frequency
movement along the Z-direction in integer times of the spindle rotation angular frequency.
The resulting surface will be non-axisymmetric.

Single DOF FTS are limited by stroke and frequency. In order to broaden the applica-
tion scope of FTS and enhance the performance of FTS, some researchers began to look for
new ways beyond the driving mode. FTS with multiple DOF began to emerge. Zhu et al.
designed a piezoelectric driven 2-DOF FTS to assist diamond turning. Based on the bending
deformation of Z-shaped flexure hinge beam, a new guiding bending mechanism based on
Z-shaped flexure hinge beam was proposed to make the tool move in two directions with
decoupled motion. A novel pseudo-random diamond turning (PRDT) method was also
implemented to prepare micro-structure surfaces with scattering homogenization [167].
Liu et al. developed a piezo-actuated serial structure 2-DOF FTS system to obtain transla-
tional motions along with Z- and X-axis directions for UPM. A sinusoidal wavy surface is
uniformly generated by the mechanism developed to demonstrate the effectiveness of the
FTS system [168].

The cutting path types of single DOF FTS and 2-DOF FTS are limited to planar curves,
which are difficult to meet 3D requirements. Therefore, the FTS mechanism with 3-DOF
has high natural frequency and decoupling performance. It can construct complex 3D
machining path. Han et al. designed a novel piezoelectric driven elliptic vibration assisted
cutting system composed of flexible hinges. In addition, the developed elliptical vibration
cutting system can not only be equipped with a variety of machine tools, but also can easily
achieve arbitrary vibration in 3D space through two actuators [169]. Awtar et al. proposed
a new constraint-based design of a parallel motion flexible mechanism that provides highly
decoupled motion along the three translation directions (X, Y, Z) and high stiffness by
rotating along the three directions [170]. Li et al. proposed a novel 3-DOF piezoelectric
driven FTS with high natural frequency and decoupling characteristics, the tool path and
cutting diagram are seen in Figure 22 [171].
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Figure 22. (a) Diagram of the designed 3-DOF FTS cutting path, (b) cutting path, and (c) tool tip
shape. Reprinted with permission from Ref. [171].

3.2. Slow Too Servo (STS)
3.2.1. Principles of STS

STS technology changes the spindle of machine tool into a C-axis with controllable
position, then transforms the 3D Cartesian coordinates of complex surface workpiece into
polar coordinates through the numerical control system with high performance and high
programming resolution. The interpolation feed instructions are sent to all motion axes.
The system coordinates and controls the relative motion of the spindle and the tool precisely,
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so as to realize the diamond turning of the ultra-precision complex surface workpiece. In
ultra-precision STS system, Z-axis follows X-axis and C-axis for sinusoidal reciprocating
motion, which requires multi-axis precision interpolation linkage. The rotational motion
of the spindle is both the main cutting motion and the feed motion. In order to ensure
the normal turning motion conditions of the tool and meet the requirements of multi-axis
linkage, STS has higher requirements on the dynamic characteristics of the feed axis than
ordinary multi-axis linkage, especially for the Z-axis, which still needs to reciprocate with
the ups and downs of the workpiece surface according to the position of C-axis even in
the same radius. Therefore, high precision position servo control of spindle, high precision
reciprocating motion, and high dynamic response of straight spindle are the key technical
conditions necessary for ultra-precision STS system.

The Z-axis machining stroke of STS is large. Theoretically, the machining range can
reach the whole z-axis stroke by using z-axis drag plate to drive the tool movement so as to
process steeper and more complex surface; C, X, and Z axes are processed in linkage mode.
Furthermore, the linkage of the three axes is completed by the same numerical control
system, which can realize information sharing and simplify the control system structure.
Moreover, the numerical control program is simplified and the tool locus calculated from
the complex surface can be directly used in numerical control program.

Ultra-precision STS system is suitable for UPM industrialized production of small size
optical freeform surface, and the structure of the array and off-axis surface. However, it
is restricted by the structural characteristics of workpiece surface and dynamic response
capability of feed shaft, some defects that exist in the actual application are summarized
in Figure 23. Therefore, the selection of tool feed direction and tool contact should fully
consider the workpiece surface characteristics. In order to improve the efficiency of ultra-
precision production machining as much as possible, optimized machining parameters
should be selected on the premise of ensuring the machining effect of the key structure.
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Figure 23. Some defects of STS.

3.2.2. Applications of STS

On the basis of STS technology, researchers continuously develop new methods and
technologies to improve the machining performance of the system. In order to better predict
the shape change trend under different tool centering errors and different cutting strategies,
Yin et al. designed a method for cutting off-axis aspheric surface on an axis based on STS
technology, which can achieve large stroke without additional devices [172]. In order to
study the new technology of freeform surface optical high-precision manufacturing on hard
and brittle materials Wang et al. proposed a new technique for optical surface generation of
freeform surface based on STS of diamond grinding wheel, which improves the production
efficiency and surface quality [31]. In order to accurately evaluate the contour error, Mishra
et al. using STS technology to generate aspherical lens array and characterization of optical
profilometer, introduced a STS machining method for machining aspherical lens array [173].
Huang et al. proposed a method of applying variable spindle speed to STS turning to
reduce the turning shape error artificially [174].
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In order to extend the machining capacity of existing machine tools, Kong et al.
present a research method for machining wavy micro-structural patterns on precision
rollers using orthogonal STS process. A tool path generator was developed for machining
ripple structure patterns on roller surface. Different micro-structures, different wave
patterns, and grooves were generated through modeling and simulation mode. A four-axis
ultra-precision machine tool was proposed based on the initial experimental work of tool
path generator. The generation of unique wave precision rollers in micro-structure mode is
shown in Figure 24 [175]. Zhang et al. developed a rotating tool turning machining method
based on STS for one-step machining of prisms [176].

(b) Area B2

Figure 24. Three-dimensional topography on the roller surface and after cylindrical form removal
(5.5X objective, 1X zoom). Reprinted with permission from Ref. [175].

Tool compensation is required to avoid overcutting, Li et al. conducted theoretical
and experimental studies on surface topography generation in STS machining of freeform
surfaces in order to realize nano-surface topography. A systematic tool path generation
method was studied, including tool path planning, tool geometry selection, and tool
radius compensation [177]. Peng et al., taking micro-lens array (MLA) as an example,
analyzed the components of servo dynamics error in servo motion, including dynamic
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deformation, resonant vibration and trajectory tracking error, and established a dynamic
surface generation model. The surface obtained by turning is shown in the Figure 25 [178].
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Figure 25. Characteristics of the surfaces obtained by practical turning: (a) The 3D profile; and (b) the
resulting form error of the surface generated by STS turning; (c) the 3D profile; and (d) the resulting
form error of the surface generated by cooperative tool servo turning. Reprinted with permission
from Ref. [178].

Chen et al. established a 3D shape compensation model to solve the problem of tool
path generation in the process of astigmatic contact lens asymmetric torus STS diamond
turning. The ultra-high accuracy 3D profilometer with user-defined function was used
to measure the shape accuracy of freeform surface [179]. Nagayama et al. proposed a
deterministic machining process for low-speed servo turning manufacturing freeform
surface optical components. The process comprehensively analyzed the main error factors
before machining and carried out simulation and compensation based on feedforward
method to accurately predict the workpiece shape error after compensation. In order
to prove the effectiveness of the proposed method, a two-dimensional sinusoidal lattice
cutting experiment was carried out on monocrystalline silicon (as shown in Figure 26) [180].
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Figure 26. (a) Surface morphology of a 2D sinusoidal grid machined on a single crystal silicon
workpiece; and (b) three-dimensional pictures of nanoscale sinusoidal lattices processed on single
crystal silicon. Reprinted with permission from Refs. [179,180].
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3.3. Comparison between FTS and STS

FTS machining and STS machining have similar machining action and machine tool
structure, both need to obtain accurate spindle angle value and can realize the turning of
free surface optical parts. Nevertheless, there are many differences, as can be summarized
in Figure 27.
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Figure 27. Differences between FTS and STS.

Having different control methods, STS requires a special high programming resolution
numerical control system to carry out the three-axis interpolation algorithm including the
spindle, and requires a special tool path generator and interpolation algorithm design. FTS
does not necessarily need to be equipped with a special high-precision numerical control
system. The task of the numerical control system is only to drive the C-axis and X-axis
smoothly. Accurate position information is sensed by angle sensors and radial sensors and
collected by FTS in real time [181].

Additionally, they have different functions of Z-axis. FTS module and its own control
system are additional modules independent of ultra-precision machine tools. Z-direction
feed is realized by FTS, and Z-axis is only used for initial tool setting. STS requires ultra-
precise position servo linkage control for X, Z, and C axes, essentially three- or four-axis
linkage machine tool. Therefore, the requirements on the sensors of each axis are extremely
demanding, usually requiring the spindle encoder to reach hundreds of thousands of lines,
and the grating ruler of X-axis and Z-axis has very high resolution, which increases the cost
of the system to a certain extent.

Furthermore, they have different requirements for multi-axis coordination: The core of
FTS machining is FTS servo module, and there is no linkage relationship between each axis.
The sensors can meet the accuracy requirements of the final surface shape. STS needs to
carry out multi-axis coordination on the surface shape of parts before machining, and then
determine the tool path and tool compensation, so as to generate the optimal numerical
control program.

In addition, they have different cutting mechanisms. Before FT'S machining, the surface
shape of parts should be accurately calculated to generate data files that can represent
the surface shape of parts, and the precise cutting depends on the control performance of
FTS. STS is continuous cutting, while FTS may contain discontinuous cutting at the abrupt
change of profile.
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Theoretically, STS can machine any complex surface shape and structures. For the
small structure of surface shape mutation, it is necessary to reduce the spindle speed,
and from the accuracy, efficiency and machining material consideration, the machining
difficulty is greatly increased. It is not difficult to draw a conclusion that FTS and STS are
completely different in control mode, complex surface shape generation, tool path planning,
cutting mechanism, and process parameter selection due to the great differences in actual
tool feeding mode, motion frequency response, stroke, and machining object. In a nutshell,
FTS module has high motion frequency response (more than 100 Hz) and small stroke (less
than 500 um), which is more applicable for machining small structures with abrupt surface
shape or discontinuous and limited stroke. STS motion has low frequency response (10 Hz)
and large stroke (1-100 nm), which is applicable for machining complex surface parts with
high surface roughness requirements, smooth surface, and large overall drop.

4. Ultra-Precision Fly Cutting
4.1. Fly Cutting

Ultra-precision fly cutting (UPFC) is a cutting process in which the single-crystal
diamond cutter rotates simultaneously with the spindle of the lathe to cut the work-
piece surface intermittently [182]. The fly cutting machining technology is a high-speed
machining method with flexible trajectory and high machining efficiency. It can obtain
micro-structures with nanometer surface roughness and submicron surface shape accu-
racy without post-polishing. In UPFC, cutting speed is constant and can deterministically
generate special micro-structured surface. It is suitable for fabricating complex micro-
structured surfaces, such as linear groove micro-structure, micro-groove array composed
of multiple intersecting lines, pyramid matrix, F-Theta lens, repetitive prism matrix, and
micro-structures applied to special reflective surface coatings, tapes and thin slices.

UPEFC system installs the diamond tool on the circular fly tool disc and installs the
corresponding counterweight on the fly tool disc, then install the fly tool disc on the
lathe spindle, the diamond cutter rotates with the spindle at high speed. The workpiece
is mounted on the workbench bracket, and the workpiece moves in a plane. UPFC is
intermittent machining, and the diamond tool only contacts with the workpiece at a certain
angle during each rotation, and the cutting depth changes with the rotation angle of the
fly tool disc in each cutting process. For a specific micro-structure, UPFC can be divided
into two machining methods from the perspective of the formation of the micro-structure
morphology of the workpiece. One is the trajectory method; the shape of the processed
micro-structure is formed by using the motion track of the diamond tool tip in the cutting
movement. Since the workpiece surface is composed of the tool path, the tool path method
can process micro-grooves of variable size without requiring accurate tool tip angle, as
long as the tool does not interfere in the process of machining micro-structure. However, in
this machining method, the tool trajectory is more complex, so the higher requirements
for lathe, generally need multi-axis precision linkage. The other is the profile method,
diamond tool geometry is consistent with the processed micro-structure. When machining,
the positioning accuracy of the lathe is taken into account. The diamond tool is processed
vertically in a micro-groove position, then the transverse feed is made after the ideal depth
is processed. The tool is then processed vertically in the next micro-groove position until all
the micro-groove matrix is processed. Compared with the trajectory method, this method
has lower requirements on machine tool performance, simple tool path, easy machining,
and better surface roughness. However, this machining method can only process the same
sized micro-grooves, and the preparation of high requirements for cutting tools, which
require precise geometric accuracy.

UPFC technology can be divided into two types according to the different tool installa-
tion direction: when the tool installation direction is parallel to the spindle axis, it is called
end fly cutting [183,184]; and ultra-precision raster milling is when the tool direction is
installed along the radial direction of the spindle [185,186]. Its schematic diagram is shown
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in Figure 28. Some micro-structures and SEM figures of machined structures fabricated by
fly cutting are shown in Figure 29 and Table 4.
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Figure 28. The two types of fly cutting. Reprinted with permission from Refs. [187,188].

Micropyramid array Surface topography

Figure 29. Some micro-structures are fabricated by fly cutting. Reprinted with permission from
Refs. [119,177,184,189-191].
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Table 4. SEM figures of machined structures by fly cutting [54,128,192,193].

Micro-Structure

Diagram Material Parameter Surface Quality

Pyramid detail

Micropyramid array

Submicron grooves

Triangular array

Pyramid array

Nickel phosphorus Microgroove width: . o
(Ni-P) 15 um Chipping eliminated
Nickel phosphorus Maximum effective

Cutting depth: 10 um

(Ni-P) cutting thickness: 78.6 nm
Nickel phosphorus groove spacing;: High-regularly arrayed
(Ni-P) 500-800 and have a
! nm high parallelism
Brass Cutting depth: 20 um Max deviation: 5.3 um
6061 aluminum Cutting depth: 0.5 um Max error: 0.4 pm

4.2. End Fly Cutting

End fly cutting was originally used to fabricate large flat surfaces with a uniform
surface quality. However, in recent years, fly cutting technology has been applied to UPM
combined with FTS/STS to produce mixed structured surfaces such as micro-structured
freeform surfaces [188]. In traditional FTS/STS, cutting is operated in a cylindrical coordi-
nate system, where the cutting direction is always perpendicular to the polar axis of the
workpiece and it is impossible to construct the intersection points of the cutting trajectory.
For the end fly cutting, the diamond tool is mounted on the spindle and rotates with it,
while the workpiece is sandwiched on the slide. By exchanging the position of the diamond
tool and the workpiece, the operation of the end fly cutting system is transferred to the
rectangular coordinate system. Due to the circumferential motion of the diamond tool,
various cutting directions about the workpiece can be obtained. Translational servo motion
along the Z-axis, like FTS or STS, acts on the workpiece and is responsible for determin-
ing the generation of complex micro-structures with complex shapes. Due to the unique
advantages of end fly cutting in machining, it is suitable for machining complex specific
micro/nano structures such as pyramid array, triangular pyramid array, and multi-layer
complex micro-structures. The end fly cutting system configuration diagram is shown in
Figure 30.
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Figure 30. (a) End fly cutting system configuration diagram; (b) the induced cutting modes, where
0s5-XsYs denotes the coordinate system fixed on the spindle axis, and v denotes the relative cutting
speed. Reprinted with permission from Refs. [177,184].

In some studies, improved methods were proposed for the preparation of large-
aperture potassium dihydrogen phosphate (KDP) crystal by fly cutting. KDP is widely
used in the laser path of inertial confinement fusion system. The most commonly used
method to fabricate half meter KDP crystal is UPFC. When UPFC technology is used to
process KDP crystal, the dynamic characteristics of the fly cutting lathe and the fluctuation
of the fly cutting environment are transformed into surface errors in different spatial bands.
To ensure that KDP crystal achieves the full band machining accuracy specified in the
evaluation index, these machining errors should be effectively suppressed. Zhang et al.
studied the anisotropic machinability of KDP crystal and the cause of typical surface
errors in UPFC of materials. By analyzing the causes of machining errors in different
frequency bands and measuring the brittle-ductile transition depth of the crystal, the
structure, parameters and cutting environment of the fly cutting were optimized [194]. Tool
tip is perpendicular to the workpiece surface due to the thermal expansion of the tool. To
this end, Fu et al. established a surface cutting simulation model based on kinematic fly
cutting and thermal models, then conducted UPFC tests on KDP crystals to explore the
specific impact of the main cutting force on the thermal deformation of the workpiece, thus
determining the relationship between the cutting parameters and the main cutting force.
This model can be used to predict 3D surface topography after UPFC, and to evaluate
surface corrugations, roughness, and other performance indicators [195]. In order to reveal
the formation mechanism of high points on large optical surfaces during UPFC, Wang et al.
established a thermodynamic model of the tool system during fly cutting. The temperature
field distribution and axial displacement caused by thermal deformation of the tool system
were solved and analyzed by finite element simulation [196].

To improve accuracy, researchers put forward improvement methods on fly cutting
machine tools. Liang et al. proposed a mechanical structure-based design method to design
and optimize UPFC machine tools. In order to study the effect of workpiece structure
on machined surface roughness, an optimized spindle structure was designed to reduce
workpiece roughness [197]. Lu et al. conducted dynamic modeling and simulation on
the ultra-precision fly cutting machine tool to find out the relationship between structural
parameters and the machined surface. The simulation surface and measurement surface of
fly cutting machine tool are shown in Figure 31b,c [198]. The micro-structures fabricated by
fly cutting also act as diffraction gratings, Du et al. used vibration-assisted diamond cutting
process to generate structural colors on the surface of pure magnesium, and prepared peri-
odic sawtooth micro-structures that acted as diffraction gratings to induce the generation of
structural colors. The colors at different angles are shown in Figure 31e,f [199]. In order to
suppress tool wear and improve cutting performance, Zhang et al. explored the tool wear
by fly cutting experiments, found that increasing air pressure and the closer the nozzle
position not only to improve the cutting performance, also reduced the tool wear [200].
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Figure 31. (a) Tool-tip acceleration test set up, ultra-precision fly-cutting machine tool; (b) simulated
surface; (c) measured surface; (d) optical mirror surface; (e) coral color and green color at the viewing
angle of 50°; and (f) blue color and magenta color at the viewing angle of 65°. Reprinted with
permission from Refs. [198,199].

To overcome the generation of inherent residual marks (RTM) with specific patterns
during cutting, Zhu et al. developed a novel biaxial servo assisted fly cutting (BSFC)
method to achieve flexible control of RTM to generate functional freeform optical elements,
which is difficult to achieve in FTS/STS diamond turning. By selecting the feed speed in
each cutting rotation, the height and spacing of secondary micro/nano textures can be
independently generated [189]. Furthermore, to overcome the problems of inconsistencies
of cutting parameters induced by cutting speed and underutilization of vibration assistance
caused by cutting direction in vibration assisted turning or milling of brittle materials.
Zhu et al. introduced the machining method of rotary spatial vibration (RSV) in assisted
diamond cutting. The feasibility and superiority of this process for brittle materials were
demonstrated by manufacturing a group of annular micro-grooves in monocrystalline
silicon with gradually changing cutting depth [201].

Different cutting strategies have been proposed to achieve complex micro/nano struc-
tures with high precision at multiple levels. Combining the concept of fast/slow tool
servo system, Zhu et al. proposed an end fly cutting servo system (EFCS) with four-axis
motion, which can be used for deterministic generation of layered micro/nano structures
that are difficult to achieve by other methods. A nano-structured micro-aspheric array
and nano-structured F-Theta freeform surface were successfully prepared, as shown in
Figure 32a—c [177]. To et al. continuously develops the performance of EFCS and proposes a
new machining method to generate hierarchical structure microstructure. By combining dif-
ferent cutting directions in the EFCS system, a variety of nano-polygons can be generated as
secondary structures. Nano-pyramids for advanced optical applications are experimentally
generated on the F-Theta freeform surface and high-precision micro-aspherical array. The
fabricated nano-pyramid ellipsoidal aspherical array is shown in Figure 32d—f [184]. Zhu
and co-researchers went further, they proposed a new mechanical micro/nano machining
process that combines the rotary space vibration (RSV) of a diamond tool with the servo
movement of the workpiece and applied it to the generation of multi-layer micro/nano
structures. By combining non-resonant triaxial vibration with servo motion, a variety of
micro/nano structures with complex shapes and flexible and adjustable feature sizes can be
generated, as shown in Figure 32g—i [202]. In addition, Zhu et al. extended the application
of FTS/STS diamond turning technology in end fly cutting because it could not achieve
good large-scale machining of micro-lens array (MLA). Higher spindle speeds can also
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achieve higher cutting efficiency, and this method achieves uniform mass MLA in a large
area, as shown in Figure 33 [190].
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Figure 32. Surface characterizations of the micro-aspheric array with nano-pyramids: (a) large area
structures; and (b) the extracted 3D nano-pyramids; (c) surface characterizations of the F-theta
freeform surface with nano-pyramids, the 3D hierarchical structure. Characterizations of (d) the
micro-aspheric array with nano-pyramids; (e) a single micro-aspheric structure with nano-pyramids;
(f) the enlarged view of the secondary nano-pyramids. Characteristics of nano-structures fabricated
by rotary vibration assistance with a single frequency: (g) the 3D, and (h,i) projected 2D nano-dimple
array generated. Reprinted with permission from Refs. [177,184,202].
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Figure 33. Characteristics of the machined micro-lens array: (a) the 3D structure of a large area;
(b) the 2D profile of the cross-section; (c) an extracted square area; and (d) the corresponding profiles
along the cross-hair directions of the micro-lens array. Reprinted with permission from Ref. [190].

To improve the shape accuracy, Huang et al. studied the influence of machine tool
error on the shape accuracy of cone in fly cutting. The relationship between the minimum
single cutting depth and the maximum tool displacement error is analyzed to avoid the size
error of micro-cone [54]. Jiang et al. extended the application of fly cutting and proposed
a new offset fly-cutting-servo system (OFCS) combining the concepts of fly cutting and
STS, which can process straight slot microstructural arrays on commercial machine tools
containing only X, Z, and C axes, such as pyramid array and triangular pyramid array.
On the basis of this model, groove array, pyramid array, and triangular pyramid array are
machined respectively, as shown in Figure 34 [128].



Processes 2023, 11, 1337

34 of 47

L - A XA XA X R4
{f L A A A X4 XA
A A A A A A AX
L A A XA A LA
£ 4 £ A X L A A4

(€ € A A AKX
MW¢ € € € € 4 X X X 4 4
¢ € € £ £ A £ 4 X £ X
(€ 4 i 4 A A LA LR
€ £ - £ 4 X £ 4 4 £ & |

/ j *

o

Figure 34. SEM figures of machined structure arrays: (a) micro groove array; (b) micro pyramid
array; (c) micro triangular pyramid array; and (d—f) their geometric descriptions. Reprinted with
permission from Ref. [128].
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Single-crystal silicon is a brittle material widely used in infrared optics and optoelec-
tronics industry. However, due to its extremely low fracture toughness, it is difficult to
obtain ultra-smooth deep micro-structure on single-crystal silicon based on cutting, dia-
mond milling and grinding. Sun et al. proposed a new UPFC ductile machining model to
efficiently process deep micro-structure on silicon. The 3D topography of the optical micro-
grating composed of 15 pm deep curved micro-grooves prepared by UPFC on monocrystal
silicon is shown in Figure 35a,b [119]. Furthermore, Sun et al. proposed a novel UPFC
ductile machining model of silicon. By preparing two kinds of freeform surfaces on silicon,
namely micro-grooves and F-Theta lenses; experiments were carried out to verify the supe-
riority of UPFC in realizing deep ductile cutting regions. Figure 35c—e shows the surface
characteristics of the F-Theta lens and its surface profile in the diagonal direction measured
by the 3D optical surface profilometer. The surface roughness is up to nanometer level and
the shape error is up to micron level without brittle fracture. Moreover, the model can be
used to process freeform surfaces of other brittle materials under large cutting depth [120].

il 7€ €5V

-5.74 pm

Figure 35. 15 um deep micro-raster composed by arc-shaped micro-grooves in <100> direction:
(a) 3D surface topography: (b) cross-sectional profile. Surface morphology of the F-theta lens surface
machined by UPFEC, (c) 3D morphology and (d) center area and (e) marginal area. Reprinted with
permission from Refs. [119,120].
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4.3. Raster Milling

In fly cutting, Ultra-precision Raster Milling (UPRM) is when the tool direction is
perpendicular to the spindle. UPRM can be performed using horizontal and vertical cutting
strategies and their geometry is shown in Figure 36. The diamond tool is fixed on the
spindle and rotates with the spindle. The cutting process consists of two kinds of motion:
feed motion and grating motion, determining the appropriate cutting strategy such as
transverse cutting or longitudinal cutting. Horizontal cutting is performed by cutting the
tool in a horizontal direction. After cutting a section, the diamond tool moves along the
milling to process the entire workpiece surface. In vertical cutting, the cutter feeds vertically
and moves horizontally. The surface roughness profile of the machined surface in both
cutting methods is formed by the repeated cutting of the tool tip at intervals of the tool
feed rate, by the tool moving a specified distance under ideal cutting conditions. The feed
direction is perpendicular to the milling direction, and the two directions in horizontal
cutting are opposite to those in vertical cutting [203].
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Figure 36. Cutting geometry for ultra-precision raster milling using: (a) horizontal cutting strategy;
and (b) vertical cutting strategy. Reprinted with permission from Ref. [203].

To avoid a lot of trial-and-error experiments, the researchers proposed different sim-
ulation models to verify the cutting experiment. Cheung et al. established a simulation
model to optimize the prediction mechanism of optical freeform surface generation during
UPRM. It is not only possible to predict shape accuracy and simulate surface generation,
but also to identify the optimal machining area to minimize shape error prior to actual
production [185]. Cheng et al. conducted theoretical and experimental analysis on the gen-
eration of nano-surface in UPRM and established a theoretical model for surface roughness
prediction [187].

Due to different cutting mechanisms, compared with ultra-precision diamond turning
and conventional milling, the process factors that affect surface quality in UPRM are more
complex. The process factors and cutting strategies have a certain influence on the surface
quality. The influence of technological factors can be minimized or even eliminated by
selecting reasonable cutting conditions and cutting strategies. Cheng et al. studied the
process factors affecting the surface quality of UPRM and found that step spacing is one of
the key factors affecting the surface quality of UPRM. The influence of process factors can
be minimized through reasonable operation settings and control of dynamic characteristics
of machine tools [52].
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There are some studies on optimizing the precision of UPRM. Cheng et al. proposed
an optimization system for surface roughness analysis UPRM. According to the minimum
surface roughness criterion, the system studies the optimal cutting conditions of different
cutting strategies within the preset process parameters [204]. Kong et al. studied the factors
affecting the surface generation in UPRM. Compensation strategy was designed to improve
surface generation and improve surface quality of UPRM [203]. The cutting force in milling
process can be better studied by establishing motion model. Kong et al. has established
a theoretical dynamic model for UPRM of optical freeform surfaces. The modification of
machining parameters provides guidance for the control of cutting force excitation [205].

The special vibration of spindle has great influence on the surface formation of work-
piece. Zhang et al. conducted relevant research on spindle vibration. Based on the 5-DOF
dynamic model of the hydrostatic bearing spindle, a special model under the excitation of
the batch cutting force was established, and the corresponding mathematical solution was
derived. The surface topography is shown in Figure 37a,b [206]. In addition, Zhang et al.
studied the surface generation problem under the excitation of spindle vibration in UPRM,
proposed the nonlinear equation of spindle vibration in detail, and studied its special
influence on the surface generation. The surface topography of spindle under horizontal
cutting conditions is shown in Figure 37c,d [186].
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Figure 37. Surface generation under the cutting conditions: (a) simulated topography; (b) measured
topography, simulated surface topographies with; (c) the uniform phase shift; and (d) the phase shift
of 0.5. Reprinted with permission from Refs. [186,206].

To meet the requirements of precise forming control, the corresponding machining and
measurement methods are proposed. Zhu et al. proposed a new method of fly cutting micro-
structured surface measurement based on the principle of scanning tunneling microscope.
Figure 38a,b shows the surface morphology of unremoved machined tissue. It is suitable for
the fly cutting process with frequent micro-V-shaped grooves, and significantly improves
the surface form of rectangular pyramid array [191]. Cai et al. proposed a diamond fly
cutting method based on tool path generation, which includes tool radius compensation
and surface morphology simulation. The surface topography under different feed speeds
and spindle speeds was simulated [207].

UPRM can also be applied to other aspects of optics. Submicron structure surface
can produce view-angle dependent rainbow, which is widely used in multi-color printing,
micro-display projection, invisibility cloak technology, and so on. He et al. designed several
two-stage structures, including first-order microscopic geometric features corresponding to
pattern shapes and second-order submicron grooves corresponding to diffraction gratings,
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which directly induced a variety of glow patterns according to their shape laws. The
second-order submicron grooves at different feed rates are shown in Figure 39a—d [193].
The fabrication of micro-structures on brittle materials by grating milling is also the focus of
research in recent years. Dong et al. analyzed a transverse planning method for machining
NI-P die with micro-pyramid array. High-quality micron-scale micro-pyramid array was
prepared on the phosphor nickel coating, as shown in Figure 39¢,f [192]. To optimize the
processing morphology of UPRM on brittle materials, Peng et al. introduced a simple model
to analyze the mechanical properties around diamond tip. It is found that the stress state in
the chip formation zone can be changed and the stress intensity factor at the crack tip can
be reduced, which is beneficial to the plastic deformation of brittle materials [208]. Aramid
fiber reinforced plastics (AFRP) is a typical hard cutting material due to burrs and cracks
during machining. Bao et al. established a cutting mechanics model of AFRP to predict
the influence of the angle between the feed direction and the fiber direction on tensile and
shear behavior during cutting [209].The cutting chip, microwave, and burr produced in the
machining process will greatly affect the machining accuracy. To reduce machining errors
and obtain good surface roughness, researchers studied the error generation mechanism.
Zhang et al. studied the influence of cutting chips and tool movement during cutting. By
increasing spindle speed and decreasing feed speed, the probability of surface roughness
patterns occurrence can be minimized [182]. Zhang et al. found that the microwaves on the
UPRM surface were caused by the sliding of the material [210].

\ S——"" 100 0 50 100
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Figure 38. (a) Top view of on-machine measured surface of crossed micro-V-grooves; (b) top view of
the measured surface. Reprinted with permission from Ref. [191].

Feed direction
-

200 nm

Figure 39. Second-order submicron grooves with different spacing: (a) 800 nm; (b) 600 nm; (c) 400 nm;
(d) 200 nm; (e) High-quality exit and the entry part of the micro-pyramid; and (f) micro-pyramid
array machined by fly cutting. Reprinted with permission from Refs. [192,193].
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5. Summary and Outlook
5.1. Summary

Micro-structured surfaces not only show excellent performance in natural plants and
animals, but also are widely used in many fields such as optical engineering, biomedicine
etc. In this review, the advanced fabrication methods and assistive technologies for fab-
rication of micro-structures are reviewed. According to their specific applications, the
main research achievements of various machining strategies are reported. From the re-
view, typical machining technologies for micro-structured surface are mainly classified
into lithography technology, high energy beam direct writing technology, special energy
field machining technology, molding technology, LIGA technology, and UPM technology.
However, these methods cannot meet all the requirements alone in the fabrication of high
accuracy, complex 3D, and high aspect ratio micro-structure surface.

Among these methods, UPM exhibits unique advantages in obtaining micro-structures
with certain geometry. As the key assistive technologies, FTS/STS system is combined with
UPM to extend the machining technology to freeform surfaces and complex micro/nano
structured surfaces. FTS system has high frequency response, which is applicable for
machining the micro-structures with complex surface shape and small drop.

The different actuators in FTS device provide the possibility of machining a diversity
of micro-structures. The piezoelectric actuated FTS system is suitable for machining small
amplitude micro-structures such as micro-lens arrays with high frequency; magnetostrictive
FTS system is usually used in micro-displacement and precise positioning; voice coil
actuated FTS system is applicable for machining micro-structures with high aspect ratio;
Maxwell actuated FTS system can achieve ultra-high frequency response and has great
potential for micro-structures machining. FTS system can also be designed into different
DOF according to machining requirements of complex structures. The versatility of FTS
brings more possibilities for micro-structured surfaces machining. Different from FTS, STS
system has low frequency response but large stroke for the feed shaft, which is applicable
for machining micro-structures with high surface roughness, smooth surface shape and
large overall drop. The different advantages of FTS/STS system broaden the machining
performance of micro-structures.

Based on ultra-precision diamond turning, UPFC is a developed cutting technology.
Under the turning mode, the cutting speed varies with the feed radius, which may lead to a
uniformly surface quality. Compared with turning, though UPFC is discontinuous cutting
with low cutting efficiency, its cutting speed is constant and it can generate special micro-
structured surfaces deterministically. In UPFC, EFCS is applicable for machining freeform
surfaces and periodic micro-structures, like pyramid array, triangular pyramid array, lens
array, etc. And UPRM is applicable for machining V-grooves and large freeform surfaces.
In the future, UPFC combined with FTS/STS system has great application potential in the
preparation of special micro-structured surfaces.

5.2. Outlook

With the increasing demands of large size, high form accuracy and surface finish of
micro-structures, UPM technology has developed rapidly. High precision, intelligence,
automation, high efficiency, information, flexibility, and integration become the future
development trend of UPM, as shown in Table 5 for details. Besides, the progress of
micromachining trends in machining micro-structures is shown in Figure 40.

Specially, combining different machining methods together is of great significance for
the fabrication of multi-layer and multi-scale micro-structures. For example, the compound
eye structure can be obtained by fabricating planar substrate micro-lens using laser direct
writing technology and fabricating sublayer surface using lithography and replication
transfer technology. Higher flexibility and accuracy can be achieved by combination of
various machining technologies, which is conducive to the realization of complex micro-
structures with different characteristic sizes. It also can produce more diverse micro-
structured surfaces and provide more possibilities for optical structures. In addition, UPM
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as a key method for machining micro-structures, combining with FIS/STS technology
and FIB technology, will be fully exploited to their advantage. However, residual tool
marks and material recovery are still the key factors affecting the micro-structured surface
morphology, and more solutions are needed in the future.

Table 5. UPM future trends.

Trend Content Research
Precision Improving the workpiece size, shape, position Aerospace, satellite, mobile phone, optical parts [17].
accuracy, surface roughness.
. Replacing part of human mental work, independent The dy.namlc adjustment moc,lel ?eah?es the
Intelligence nalvsi ine iud t decision-maki self-adjustment of the system’s situational
analysis, reasoning, judgment, decision-maxing. perception [211]. Intelligent monitoring [212,213].
. . - Quasi-online compensation method improves automatic
Automation giﬁ)l?glgge};iitof human physical labor and realizing adjustment of lathe accuracy [214-216]. Adjusting
pleop ’ virtual model and controlling the process online [217].
Efficiency Improving production efficiency and save time. Efficient production [218].
. The collection, combination, input and machining of ~ Real-time monitoring and data acquisition of digital
Information S . . o .
manufacturing information. twin in grinding machine system [219].
Computer numerical control machine tool-based Dynamic clamping and positioning method of flexible
Flexibility manufacturing equipment to carry out large quantities, machining system based on digital twin
many varieties of production. technology [220].
Inteeration Multiple independently operating single modules are  Feedback-forward combined adaptive regulator of tool
& integrated into a coordinated and functional system.  rest platform for active vibration control [221].
Trends Advancements Research groups  Year
High operating frequency FTS closed-
High frequency . » Zhu’s group . 2023
loop control system
Reducing errors and improving
High precision » , . Zhang’s group . 2022
forming accuracy
Develop and desien Sine wave flexible linkage mechanism
P & ’ . e . Huang’s group . 2022
new mechanisms for magnetic planar nano-positioning
Difficult to cut Tool wear and surface quality in
. .. . . Cheung’s group . 2022
materials machining of HEA with different Al
LB » Structural colors, etc. . Du’s group . 2021

Microstructures

Figure 40. The progress of micromachining trends in machining micro-structures [199,222-225].
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