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Abstract

Complex precision components are integral to many sectors, straddling both military and civilian applications. These include
aerospace telescopes, infrared thermal imaging systems, artificial intelligence, semiconductor chip lithography, medical
imaging apparatus, and avant-garde communication technologies. These intricate precision components have become vital
elements of the aforementioned optical systems, characterized by a wide range of extensive requirements totaling in the
tens of millions. Within the realm of computer controlled optical surfacing (CCOS), high-efficiency bonnet polishing (BP)
and high-precision magnetorheological finishing (MRF) are two compliant polishing methods with distinct advantages,
extensively applied to ultra-precision machining of complex curved surface components. However, the bonnet polishing
tool is prone to wear, the tool influence function is unstable, and the control process is complicated. The material removal
efficiency of MREF is low; it easily introduces mid-spatial frequency (MSF) errors, and improving the performance of the
magnetorheological fluid (MR fluid) is challenging. Therefore, summarizing these two techniques is essential to enhance
the application of compliant polishing methods. The paper begins by examining the unique strengths of both technologies
and then explores the potential for their integrated application. The paper then provides a detailed introduction to the origin,
principles, equipment, and applications of BP. Next, the paper outlines the research progress of key technologies, including
modeling of the tool influence function (TIF), management of MSF errors, and the wear of the bonnet tool within the realm
of BP technology. Following that, the development history, technical principles, equipment, types, and compound methods
of MRF are presented. Then, the research progress of several key technologies, such as modeling of TIF, controlling MSF
error, and the preparation of MR fluid in the field of MRF technology, are reviewed. Lastly, the paper provides a summary
and outlook for the two technologies, such as further in-depth study of the material removal mechanism and the suppression
method of the edge effect in BP, a further in-depth study of methods to improve the material removal rate, and MSF error
suppression methods in MRF.

Keywords Compliant polishing - Bonnet polishing - Magnetorheological finishing - Technological development - Complex
components

1 Introduction applications include space telescopes, infrared thermal

imaging, artificial intelligence, semiconductor chip produc-

In recent years, the swift advancement of science and tech-
nology has led to the widespread application of optical com-
ponents in various domains, as depicted in Fig. 1. These
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tion, medical imaging devices, cutting-edge communication
technologies, and both military and civilian sectors, signi-
fying an extensive upstream and downstream market size.
Surface accuracy and surface roughness are critical fac-
tors that prevent degradation in resolution, contrast, depth
of field, and aberrations—thereby preserving the overall
performance of an optical system. Low spatial frequency
(LSF) errors contribute to imaging aberrations, while MSF
errors can lead to small-angle scattering, flare, and reduced
resolution, resulting in blurred images. High spatial fre-
quency (HSF) errors, on the other hand, induce large-angle
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Fig. 1 Applications of optical components. a Cell phone lens. b Eyeglass lenses. ¢ Camera lens. d Cell phone screen. e Ranging device for
tanks. f Astronaut’s helmet. g James Webb telescope. h NXE-3300 Extreme Ultraviolet Lithography. i US NIF laser fusion device

scattering and energy loss [1]. The optical manufacturing
process imparts surface processing marks that form surface
shape errors and causes subsurface damage (SSD) within the
material, beneath the surface up to several tens of microns.
Such damage, which is difficult to detect, directly com-
promises the component’s service life, long-term stability,
coating quality, imaging fidelity, and essential performance
indicators like the laser damage threshold. Regarding the
US National Ignition Fusion (NIF) project as a case study
[2, 3], more than 30,000 optical components are required
for its primary laser fusion device, including approximately
7360 large-aperture optics, such as windows, lenses, and
large vessel plates [4, 5]. The mentioned components also
include raster paths. China has launched the “Shenguang”
series of laser fusion optical projects. The constructed Shen-
guang IIT high-power laser device necessitates the use of
almost 10,000 ultra-high-precision optical components [6,
7]. The European Extremely Large Telescope (E-ELT) in
Chile is equipped with a 39.3-m-diameter primary mirror,
comprised of 798 hexagonal aspherical lenses [8, 9]. The
James Webb Space Telescope (JWST) features a primary
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mirror with a diagonal length of 6.5 m and is composed of
18 hexagonal submirrors, encompassing an area more than
five times larger than that of the Hubble Space Telescope
(HST) [10, 11]. The Twinscan NXE3100 extreme ultraviolet
lithography system, developed by ASML, utilizes an off-
axis six-mirror reflective structure, achieving a lithographic
resolution of 27 nm [12, 13].

Currently, the predominant methods of computer-con-
trolled optical surfacing (CCOS) include small tool polish-
ing (STP) [14], stressed lap polishing (SLP) [15], magne-
torheological finishing (MRF) [16], fluid jet polishing (FJP)
[17], magnetorheological jet polishing (MJP) [18], ion beam
figuring (IBF) [19], and bonnet polishing (BP) [20, 21].
Table 1 provides a systematic comparison of the primary
technical characteristics of these mainstream CCOS tech-
nologies [20].

The table indicates that the mainstream subaperture flex-
ible polishing machining techniques, BP and MREF, offer
significant advantages. Despite their high machining sur-
face accuracy and stable TIF, IBF and MJP have low mate-
rial removal rates. In contrast, BP and MRF outperform in
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Table 1 Comparison of the main features of the current mainstream CCOS polishing technologies [20]

STP SLP IBF MRF FJP MIJP BP
Large caliber adaptability Good Good Average Good Mediocre Mediocre Very good
Aspheric adaptability Poor Better Very good Very good Very good Very good Very good
Material removal efficiency Low Higher Very low Low Low Low High
Accuracy of machined surfaces Poor Mediocre Very good Very good Average Very good Good
Subsurface damage Lot Fewer No No Very few Few Fewer
TIF stability Mediocre Mediocre Very good Very good Average Good Better
Legacy of MSF Few Average Average Few Average Average Few
Technical cost Low Higher Very high High High High Average
Comprehensive evaluation Average good Better Very good Better Better Excellent

all aspects and have greater commercial availability. The
significant advantages of BP technology include precision
processing, enhanced spatial accessibility, and an expanded
processing range with a defined and controllable “Gauss-
ian-like” TIF. The air pressure can be adjusted to alter the
removal efficiency and surface quality of optical compo-
nents. By adjusting the air pressure inside the bonnet, it is
possible to adapt to different shapes of optical components
and overcome the limitations of the STP and the challenges
posed by curved surfaces [20-22]. The notable benefits of
MREF technology can be attributed to the circulating renew-
able MR fluid that undergoes a phase change reaction under
the influence of an external energy field. This characteristic
ensures that the compliant ribbon never wears out, thereby
maintaining the TIF stability. Furthermore, the compliant
ribbon can be tailored to fit any curved optical surface,
allowing for control of the edge TIF without introducing
apparent subsurface damage [23-26].

In the existing literature reviews, Zhu et al. [27] system-
atically explicated the connotation of compliant polishing,
discussing in detail the principles, methods, and material
removal characteristics of four compliant polishing methods:
BP, MRF, FJP, and IBF. However, they lacked a summa-
tion and generalization of several key technologies of the
processes. Shen et al. [28] systematically introduced the
principles, equipment, compound polishing methods, and
applications of BP, MRF, etc., but lacked a systematic pres-
entation of the key technologies. Wu et al. [29] summarized
and generalized BP from the perspective of key technolo-
gies, but the literature they covered was limited and lacked
a summary on the topic of wear of the bonnet tool, which is
not comprehensive enough. Wang et al. [30] made a detailed
summary and generalization on the basic aspects such as
principles and tools, and key technologies like TIF and MR
Fluid, but their reports still lacked a systematic and compre-
hensive coverage concerning the MRF field, particularly in
controlling on MSF and polishing paths. Therefore, it is very
necessary to systematically summarize the compliant pol-
ishing methods BP and MREF, as they possess irreplaceable

advantages and are very suitable for industrial production.
This helps researchers to quickly understand and master the
theoretical foundations and current research status of BP and
MREF, and to explore research ideas further.

This paper first introduces the significant advantages of
BP and MREF technologies and then presents the potential
for their combined production. Next, the origin, principle,
equipment, and application of BP are introduced in detail,
followed by a discussion of advancements in key BP tech-
nologies. Following that, the development history, technical
principle, equipment, types of MRF, and composite polish-
ing methods of MRF are presented. Then, the advancements
in several key technologies, for example, the modeling of
TIF, error control in MSF, and MR fluid preparation in the
field of MRF technology, are reviewed. Finally, the two tech-
nologies are forecasted and summarized. The subsequent
focus of the BP and MRF was noted, such as the further
in-depth study of the material removal mechanism and the
suppression method of the edge effect in BP, further in-depth
study of methods to improve the material removal rate, and
MSF error suppression methods in MRF.

2 Basicintroduction to BP
2.1 History of BP

In 2000, Walker et al. [31] initially introduced the BP tech-
nology, presenting its underlying principles, advantages,
and key technologies, which included the algorithm for
computing dwell time and the modeling method for TIF.
In 2001, the precession polishing method was introduced,
accompanied by a detailed account of its reliability [32, 33].
In 2003, Walker et al. [34] achieved an ultra-smooth surface
with an Ra value of 0.5 nm on BK7 glass, showcasing the
significant potential of BP technology. Subsequently, several
academic institutions, including University College London
[35, 36], Huddersfield University [37, 38], Xiamen Univer-
sity [20-22], and Harbin Institute of Technology [39, 40],
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have initiated research on BP technology. And more units
have begun to study BP technology.

2.2 Principle of BP

As shown in Fig. 2a, BP tools are flexible spherical bonnet
coated with polishing pads. When the bonnet is filled with
air, it ensures that the polishing head matches the surface
shape of the components, prevents slipping or idling, and
enhances the polishing efficiency and surface quality. Dif-
ferent sizes of polishing tools for BP can be chosen based
on the size of the workpiece, effectively ensuring processing
efficiency [20, 31]. Figure 2b illustrates the typical polish-
ing process using BP. The machine tool uses the flexible BP
head to apply pressure to the workpiece, transferring it to
the abrasive particles between the polishing head and the
workpiece, leading to the removal of the workpiece mate-
rial through friction and scraping by the abrasive particles.

Bonnet precession (BP) is commonly achieved through a
process known as “precession polishing” [32, 33], demon-
strated in Fig. 3a. During precession polishing, the spindle

consistently rotates while maintaining contact with the pol-
ished component at the normal angle (A axis), forming an
arch referred to as the precession angle. Bonnet precession
polishing transforms the “D”-shaped TIF produced by tra-
ditional vertical and inclined motion polishing into a regu-
lated “Gaussian-like” TIF, enhancing the control over the
surface shape. Varied TIFs can be created by altering the
processing parameters, including BP pressure, downward
pressure, feed angle, and spindle speed, thereby enhancing
the spatial range of processing and theoretically eradicat-
ing the processing blind zone. Furthermore, precession
polishing densifies the polishing texture through additional
A-axis rotation, enhancing machining efficiency, reducing
surface corrugation errors, and improving machining quality.
The scratches resulting from different polishing modes are
depicted in Fig. 3b.

In summary, BP technology represents an exceptional
processing method with significant market potential, char-
acterized by the following advantages [39, 40, 43]:

(a) Versatile adaptability: BP technology is exceptionally
adaptable to a variety of workpieces with diverse surface

Fig.2 Introduction to BP tech-
nology. a Physical drawing of
the BP tool [20]. b The typical
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Fig.3 BP principle. a The principle of precession polishing [42]. b Different polishing modes obtain surface texture [20]
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geometries. It is particularly effective in handling aspheric
surfaces or freeform surfaces, where it can conform to the
workpiece’s surface deformations. This capability allows
it to overcome the limitations of traditional single point
turning (SPT) and challenges associated with poor adhesion
on aspheric surfaces.

(b) High polishing efficiency: BP distinguishes itself from
other aspheric polishing methods through its high efficiency
in polishing. This feature renders it especially suitable for
the rapid polishing of large-scale astronomical telescopes,
where time efficiency is crucial.

(c) Cost-effectiveness: The development and implementa-
tion costs associated with BP technology are relatively low
compared to other advanced polishing methods. This cost-
effectiveness makes it an attractive option for a wide range
of applications.

(d) Scalability for various workpiece sizes: BP technology
is capable of processing a broad spectrum of workpieces,
ranging in size. This scalability is facilitated by the selec-
tion of appropriate polishing heads, tailored to the specific
requirements of the workpiece.

2.3 Equipment of BP
2.3.1 Machines

Walker et al. [39, 44] developed the first commercial BP
machine in the world, IRP200, with a maximum free-
form surface size of 200 mm X 200 mm. The machine’s
appearance and internal structure are depicted in Fig. 4a, b,
respectively. This development was followed by a series of
smaller BP machines, including IRP20, IRP100, IRP2000,
and IRP2400. In China, Gao et al. [45] at HIT were the first
researchers to develop an experimental machine for BP, as
depicted in Fig. 4c. The machine is controlled by CNC; it
features six axes for machining optical workpieces with a
maximum diameter of 200 mm. Subsequently, Ji et al. [46]
developed a bonnet precession polishing platform assisted
by a robot, which is based on a six-axis industrial robot.
This is depicted in Fig. 4d. Despite successful development
of experimental prototypes by researchers at HIT and
ZJUT, these cannot be strictly considered as machine tools
or full-fledged machining equipment. Guo et al. [47] at
Xiamen University initiated the study of BP technology
and produced the BP-2MK460 BP machine (shown
in Fig. 4e). The HomoTech Company [48] in Xiamen,
China, developed the HBP130 (shown in Fig. 4f), the first
commercial BP machine to be commercialized in China.
The commercialization of domestic BP machines signifies
the transition of BP technology from scientific research to
market production. It also extends BP’s unique advantages
to fields beyond optical processing.

2.3.2 Bonnet tool

The performance of the bonnet tool significantly impacts
the quality of the polishing process. The rigidity of the
polishing tool should not be excessive. Excessive rigidity
would result in a traditional rigid tool polishing—Ilosing the
unique advantages of the bonnet polishing, such as good
adaptability to aspheres. The flexibility of the polishing tool
should not be too low. Otherwise, a tool with overly soft
structure will decrease the certainty of the polishing process.
Zeeko Ltd. [49] predominantly employs a BP tool featuring
a ball-shaped, flexible laminate core structure (as depicted
in Fig. 5a), presumably composed of Kevlar, possessing
rigidity and flexibility. Specialized polishing cloths or pads
embedded with abrasives can be affixed to the layer to polish
optical surfaces, often used in conjunction with a polishing
solution or water. Gao et al. [50, 51] enhanced the structure
of the bonnet tool (as depicted in Fig. 5b) by incorporating
fiber cloth material for the reinforcing layer, a 0.8-mm-thick
polyurethane polishing pad for the polishing layer, and a
1-2-mm-thick rubber bonnet layer. Walker et al. [52, 53]
developed the grolishing bonnet tool (as depicted in Fig. 5¢),
designed to mitigate MSF errors through the inclusion of
metal rings, diamond pellets, and other materials affixed to
the bonnet’s surface. Beaucamp et al. [54, 55] introduced
the shape adaptive grinding (SAG) process, which involves
adhering a hard layer of particles, such as diamond, onto the
polishing tool, as illustrated in Fig. 5d. The SAG process is
applicable for the precision machining of challenging mate-
rials like ceramics and cemented carbide, enabling ductile
mode grinding to attain a superior surface finish. Wang et al.
[56, 57] developed and constructed a semi-rigid bonnet tool
(refer to Fig. Se) comprising a rubber layer, a stainless steel
layer for increased stiffness, another rubber layer, and a pol-
ishing pad, in that specific sequence. The semi-rigid tool
not only efficiently polishes aspheric optics but also reduces
their characteristics after the grinding process. Kong et al.
[58] designed a silicone bonnet tool adapted to the OptoTech
ASP 200CNC-B as well as another tool with comparable
functionality to the sub-bore polishing tool. LP66 polyure-
thane is a commonly used material for polishing pads, polyu-
rethane is classified as a block copolymer, and polyurethane
polishing pads contain a solid polishing agent that enhances
the polishing process. Zhu et al. [59] proposed a non-contact
polishing process (refer to Fig. 5f) utilizing non-Newtonian
fluids (polymer and starch) in place of polishing pads to
mitigate the impact of pad wear on polishing consistency.
They achieved a 3.9-nm Ra finish on nickel.

2.3.3 Bonnet dressing tool

To maintain precise control over material removal and
polishing efficiency despite bonnet wear and deformation

@ Springer



2096 The International Journal of Advanced Manufacturing Technology (2024) 132:2091-2128

[ S S S S S S S S S S N S S R S S S S

(e)

Fig.4 BP machines. a IRP200 from Zeeko [46]. b The internal struc-
ture of theIRP200 7-axis machine [41]. ¢ BP test machine developed
by Harbin Institute of Technology [45]. d Robot-assisted bonnet pre-

during use, it is essential to periodically refurbish the bon-
net tool to ensure its surface form accuracy. Utilizing the
machine tool’s motion allows for the design of an online
dressing device that solely imparts rotational motion to the
dressing wheel. When multiple processes, such as polishing
and dressing, are combined on a single machine tool in mass
production, it leads to a notable increase in non-processing
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time, thus affecting the machining efficiency. Consequently,
the development of dedicated offline dressing devices is
imperative. Pan et al. [21] designed online dressing and
offline dressing tools for the bonnet tool. The structural
composition is shown in Fig. 6a, b, and the dressing process
is shown in Fig. 6c, d, respectively.
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Polishing pad —————»

Rubber
membrane

Mectal sheet

Fig.5 Various bonnet tools: a bonnet tool produced by Zeeko Ltd.
[49]. b Structure of bonnet tool improved by Gao et al. [50]. ¢ Grol-
ishing tool created by Zeeko Ltd. [52]. d Principle of SAG [54]. e

2.4 Application of BP

The application field of BP can be categorized into optical
components, medical treatment, semiconductor, and indus-
trial parts. For optical mirror processing, BP can be utilized
throughout the entire polishing process to swiftly eliminate
SSD and effectively manage surface accuracy. In medical
treatment and semiconductor fields, BP primarily serves to
reduce the surface roughness of components expediently.

2.4.1 Optical

In the field of optical lenses, multiple European Extremely
Large Telescope (E-ELT) subscopes were polished using
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Semirigid bonnet tool from Wang et al. [57]. f The principle of non-
contact polishing process using non-Newtonian fluids proposed by
Zhu et al. [59]

the BP technique. Walker et al. [35, 36, 52] use a variety of
polishing tools and a multi-stage process. These were com-
bined with active control algorithms to model the TIF for the
ultimate machining of ESO-compliant hexagonal samples.
Walker et al. [62] reported several challenges encountered
during the early-stage fabrication of a 500-mm-diameter f/1
ellipsoidal mirror for the UK’s technology development for
Extremely Large Telescopes project, which had repercus-
sions on the subsequent processing of the E-ELT.

2.4.2 Non-optical

In the field of industrial processing, Beaucamp et al. [56, 63]
utilized a 7-axis CNC polishing machine to develop a forming
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process and compensation software aimed at achieving BP for
aspheric and free-form molds. Additionally, they combined
jet polishing with BP to enable ultra-precision polishing of
the surfaces of diamond-turned X-ray-formed molds on the
same 7-axis CNC platform. Cheung et al. [64] utilized BP to
construct structured surfaces. A surface topography simula-
tion model and hence a model-based simulation system for the
modeling and simulation of the generation of structure surfaces
by using CCUP have been established and verified through a
series of simulation and practical polishing experiments.

In the medical field, Zeeko Ltd. [65] performed initial
polishing experiments on the prosthetic knee joint compo-
nent, developed the polishing trajectory for the knee joint
using NURBS curves, and ultimately attained a smooth
surface with a roughness average (Ra) of 18 nm. Zeng
et al. [37, 38] subsequently conducted a study to examine
the influence of process parameters on the polishing force
and material removal in bonnet-polished, medical-grade
cobalt-chromium alloy joints. The study aimed to enhance
the surface quality of the bearing surfaces for two types of
prostheses and extend their service life.

@ Springer

In applications in the semiconductor industry, tradi-
tional chemical-mechanical polishing techniques are
inadequate for meeting the requirements of next-gener-
ation photomask blank finishing. Beaucamp et al. [66]
employed BP techniques for error correction subsequent to
the chemical polishing of EUV blank mask plates, achiev-
ing an improvement in PV to 50-100 nm. Zhu et al. [67]
performed BP experiments on brittle ceramics, revealing
that the combination of lower material hardness and higher
tensile strength facilitates the expansion of the plastic
removal zone, thereby enhancing the manufacturability
of brittle ceramics. Figure 7 illustrates several applica-
tions utilizing BP.

3 Key techniques of BP
3.1 Modeling of TIF

Polishing and grinding exhibit distinct mechanisms of
material removal [68—70]. During grinding, the mechanism
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Fig.7 Application examples
of BP

Application
of Bonnet

Polishing

is explicit: brittle materials develop median and lateral
cracks under the abrasive’s compression and friction. As
lateral cracks propagate and abrasives continue to exert
pressure and friction, large chunks of material detach,
potentially resulting in swarf larger than the abrasive
particles themselves, making it challenging to achieve a
smooth surface on brittle materials. In contrast, polishing
involves a composite of two mechanisms: firstly, the
continuous pressure of abrasives under the normal force
provided by a soft polishing tool induces crack formation,
leading to material removal; secondly, abrasives exert
pressure under the shear force of the polishing fluid flow,
creating cracks, while the vertical load borne by the
workpiece surface mitigates crack formation. Due to the
smaller size of abrasives and the gentle load applied in
the polishing process, it is employed to smooth surfaces
roughened by grinding and to eliminate subsurface damage
introduced by grinding.

Due to the less-defined mechanisms of material removal
in polishing, multiple statistical methods for quantifying
the amount of material removed have emerged in the
polishing process. The TIF represents the volume of material

removed per unit time. The shape of TIF dictates the spatial
processing range of the BP tool, while the accuracy of TIF
influences the surface quality and face shape error of the
polished component. Material removal, as described by the
Preston equation dz/dt = kpv, is contingent on pressure,
velocity, and a comprehensive coefficient. Table 2 displays
the research findings of various scholars on the TIF.

In the early development of the bonnet polishing (BP)
technique, Walker et al. [75, 76] pioneered the measurement
of the polishing spot contour and introduced the tool
influence function (TIF) concept. Kim et al. [71] enhanced
this by simulating the static TIF using Preston’s equations
and comparing it with empirical measurements, achieving
notable modeling accuracy (shown in Fig. 8a). In 2009,
they further advanced this work by developing a range of
TIFs for different sizes and optimizing dwell time and tool
profiles through a comprehensive non-sequential algorithm,
significantly improving surface error correction efficiency
[77]. However, Jin et al. [78] made an investigation into the
impact of process parameters on TIF overlooked the unique
feeding process of BP. Meanwhile, Wang et al. [79, 80] used
the finite element method to compare dynamic and static TIF

Table 2 Research on the BP TIF Author TIF

Kim [71]
Wang et al. [20]
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errors, contributing to a broader understanding of TIF across
different motion models. The measured TIF and simulated
TIF are shown in Fig. 8b.

The limitations of existing research lie in the focus on
traditional process coefficients, often neglecting factors like
the friction coefficient and bonnet wear. Addressing this gap,
Cao et al. [72] proposed a multi-scale model for computer-
controlled BP (shown in Fig. 8c), refining the TIF model
to predict material removal more accurately. Pan et al. [73]
examined the constraints of the current TIFs and introduced
a corrective approach for TIF utilizing the interfacial fric-
tion coefficient. Shi et al. [74] introduced a microanalytical
model based on microcontact and tribological theories to
comprehend these parameters, respectively. Future research
should extend beyond conventional factors, considering
aspects like tool wear, slurry properties, and lubrication in
TIF modeling. This approach promises to bolster the reli-
ability of the polishing process.

Additionally, with regard to the dynamic TIF, Wang et al.
formulated the dynamic TIF of BP, introduced a corrective
approach for stress in the static contact area, and identified
a displacement of the lowest point of the dynamic TIF in
the opposite direction of the polishing head movement, as
derived from the static TIF [80]. Wan et al. [81] found that
an excessively large feed rate results in a notable discrep-
ancy between the actual TIF and the theoretically derived
TIF. Zhong et al. [82] explored the impact of surface curva-
ture on the contact area between the bonnet and the compo-
nent. Han et al. [83] introduced a Gaussian mixture model
(GMM) to represent the TIF of a polishing tool. This enables
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optimal feed scheduling within the machine tool’s dynamic
constraints, while optimizing its dynamic stresses through
adaptive path spacing.

The center position of the dynamic TIF is shifted in the x
and y directions, aligning it closer with the actual production
scenario. As a result of the disparity between the dynamic
and static TIF, the dwell time at the dwell point needs to
be adjusted. Hence, the quantitative correlation between
dynamic and static TIF should be examined and rectified in
the dwell time algorithm.

3.2 Control on edge effect

Considering that BP involves contact polishing, warping
may occur during the processing of the workpiece’s edge
area if the polishing head does not reach the edge, while the
edge may collapse if it does, resulting in the “edge effect”
[84]. Figure 9a illustrates the schematic of the overhang and
the varied pressure distribution between the bonnet and the
workpiece with different overhangs [85]. In Fig. 9b, the TIFs
are depicted when the bonnet polishes the edge of the work-
piece during the polishing of the components’ edge [57].
The polishing force increases sharply due to the non-uniform
distribution of the polished area, unlike when polishing the
inside of the components. Consequently, there is a sharp
increase in the material removed at the edge.

Controlling the edge effect is a challenging task. Walker
et al. [86] introduced an active suppression process for miti-
gating edge effects, termed “Tool-Lift” (refer to Fig. 10a).
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Fig.9 a Conceptual sketch

of the pressure distribution
between the bonnet and the
component [85]. b Phase map
from turned-up edges after pre-
polishing with R160 bonnet and
60-mm spot [35]
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Tool-Lift involves actively lifting the polishing head prior to
reaching the workpiece’s edge to minimize contact pressure
and area, thereby decreasing material removal.

This technique is widely used to mitigate edge effects in
BP. Wang et al. [87] discussed the utilization of Tool-Lift,
edge filling material (depicted in Fig. 10b), and nodding
polishing (displaying continuous precession angle changes
during polishing, as illustrated in Fig. 10c). They found that
using filling material at the edges offers more advantages
in polishing small components. The component profiles
obtained by filling material method and nodding polish-
ing method are shown in Fig. 10e, f. Beaucamp et al. [35,
36] utilized various polishing heads and grading processes

Track of
polishing spot

Q36 25 20 45 40 5 0
Radial position from the edge of the part

such as grolishing, pitch-polishing, and compliant bonnets
for both pre- and corrective polishing. These techniques
were integrated with an algorithm specifically developed to
proactively mitigate fringing effects, with the objective of
accurately modeling the TIF. Following this integration, the
hexagonal lenses underwent processing to ensure compli-
ance with the ESO standards. The hexagonal lense polished
with Tool-Lift method is shown in Fig. 10d. Li et al. [85]
optimized the feed rate, tool offset, and precession angle
resulting in achieving a 200-mm hexagonal component with
a peak-to-valley (PV) surface deviation of 189 nm and a
root mean square (RMS) surface roughness of 26 nm. Ke
et al. [88] identified the ideal overhang ratio for the bonnet

Fig. 10 a Principle of Tool-Lift method [86]. b Scheme of filling
material around edges [87]. ¢ Scheme of nodding polishing [87]. d
Edge control result using Tool-Lift method [36]. e Profile obtained

from a Talysurf showing the combination of Zerodur surface and
Zerodur waster [87]. f Result from Talysurf with nodding polish [87]
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tool at the edge, where the TIF exhibits minimal width and
maximum depth. This configuration facilitates rapid removal
of warped features at the edge without causing damage to
the bonnet tool. Currently, there is no effective method to
manage the edge effect, with the prevailing approach being
the Tool-Lift method. However, Yin et al. [89] introduced
an edge control method utilizing the M-type STP TIF. The
BP process can precisely generate M-type TIF when the pre-
cession angle is 0; therefore, it is imperative to expand this
methodology to BP.

3.3 Control on MSF error

Polishing an optical component with a bonnet introduces a
small ripple error on the element’s surface, classified as a
spatial frequency MSF error. This kind of error is also intro-
duced to the component during its previous grinding process.

In 2011, Yu et al. [52, 53] discovered that LSF errors can
be eradicated through subaperture polishing correction, while
HSF errors can be eliminated using compliant polishing tech-
niques. However, they found that addressing MSF errors was
more challenging. To combat this, they designed a semi-rigid
asphalt disk surface Grolishing bonnet tool, which mitigated
MSF errors by attaching metal rings and diamond pellet
pieces to the bonnet surface, as illustrated in Fig. 11. Despite
its ability to suppress components’ MSF, the grolishing tool
bears a strong resemblance to the STP but exhibits lower pol-
ishing precision, ultimately compromising the surface’s fac-
eted accuracy during the retouching phase [90].

Wang [20] conducted an analysis to investigate the
effects of air pressure, press offset, spindle speed, pre-
cession angle, and path interval on ripple error using
orthogonal experimental analysis. The primary and sec-
ondary relationships of these factors on waviness error
were determined to be path interval > press offset > air
pressure > spindle speed > precession angle. He also con-
ducted that the PV value increases sharply when the path

interval exceeds 4 mm. Zhong et al. [91] examined the
impact of the number of precession steps on MSF error
in bonnet precession polishing and achieved a smoother
surface with reduced roughness and MSF error (shown in
Fig. 12b). Huang et al. [92] studied the impact of polish-
ing process parameters on the distribution of MSF error
and observed that the error distribution was particularly
influenced by spindle speed and feed speed. They success-
fully mitigated the IF error, resulting in a surface with an
RMS of 1.6 nm (shown in Fig. 12¢). Rao et al. [93] incor-
porated the Bessel function to isolate the bonnet radius,
precession angle, and contact radius characteristics in the
BP process. Their investigation revealed that the extent of
scratch ripple bending in TIF is predominantly associated
with optimizing the precession angle of the bonnet tool.
By preventing the concentration of scratch direction, it
is possible to alleviate the surface texture across a broad
range of applications.

The method of improving component MSF without
increasing the complexity of polishing path is summa-
rized above—optimizing process parameters. Significantly
enhancing the MSF characteristics of a component in the
polishing process is challenging. The primary method for
mitigating MSF errors involves enhancing the randomness
and complexity of the polishing path, which will be the
focus of the subsequent section.

3.4 Path planning

The polishing path has a profound impact on the face shape
and MSF error of the optical component. A methodical and
rational polishing path guarantees uniform polishing of all
surface areas of the optical element by the tool, contributing
to enhanced surface quality [94].

The two most classical polishing paths are the raster
path (Fig. 13a) and the spiral path (Fig. 13b) [20]. These
two paths are extensively utilized in practical production.

Fig. 11 Different grolishing tools [53]. a Stainless steel washers on 40-mm bonnet. b Brass washers on 40-mm bonnet. ¢ 3 M Trizact™ on

40-mm bonnet
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Fig.12 a The processing results of the experiment to explore the
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However, due to their regularity, they can introduce numer-
ous ripple errors on the component surface. Cho et al. [95]
incorporated the Lissajous graph (Fig. 13c) into the pol-
ishing path, resulting in a partial suppression of the ripple
degree error. Pessoles [96] and Moumen [97] introduced the
residual pendulum line (depicted in Fig. 13d) as part of the
polishing path. While the Lissajous graph and cycloid line
offer a notable improvement in complexity compared to ras-
ter paths and spirals, there is still a need for higher random-
ness in these four curves. Mizugaki et al. [98] introduced the
Hibert graph (depicted in Fig. 13e) into the polishing path
and conducted experimental verification of its effectiveness
in suppressing the MSF error. Tam et al. [99, 100] compared
the Hibert path with the Peano path (illustrated in Fig. 13f)
and observed that the surface of the component polished by
the Peano path exhibited lower PV value.

While many of the previously introduced paths retain
some regularity, they must sufficiently aid in suppressing
the ripple degree error. Walker et al. [101, 104] devised a
pseudo-randomized polishing path (depicted in Fig. 13g)
to enhance complexity and randomness, effectively reduc-
ing the ripple error (MSF error) on the component surface,
thereby lowering the IF error and enhancing the power
spectral density (PSD). Wang [20] presented a single-row
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optimized parameters and un optimized parameters [92]. d Polish-
ing result of surface topography and its spectrum in a resampled area
with three sets of process parameters [93]

pseudo-random polishing path based on the maze path (as
shown in Fig. 13h). He cooperated with the feed polishing,
effectively suppressing the generation of MSF errors. Taki-
zawa et al. [102] introduced a new circular pseudo-random
path (illustrated in Fig. 13i) that exhibits smoother charac-
teristics compared to the simple pseudo-random path and
aids in suppressing the MSF error. Zhao [103] introduced
a six-directional pseudo-random consecutive unicursal pol-
ishing path (illustrated in Fig. 13j). This approach provides
multi-directional movement, increased randomness, smooth
transitions, and continuity.

The proposed combination of the BP and MRF process
in this article introduces a novel approach to polishing. Tra-
ditionally, in the pre-polishing stage, operators tend to limit
the use of paths to raster and spiral paths. However, during
the figuring and finishing stages, multiple iterations of com-
ponent polishing are required, necessitating the continued
use of these paths for minor material removal. This is fol-
lowed by the adoption of more intricate paths for tasks such
as homogenizing MSF. Notably, the current literature lacks
reports on path planning at the edge when BP is utilized to
address the edge effect. In essence, there is ample room for
future enhancement of the polishing path generation mode
to enable multi-functional capabilities.
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Traditional polishing path—too regular

Novel polishing path—more flexible
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Fig. 13 Diverse polishing paths. a Raster path [20]. b Spiral path
[20]. ¢ Lissayous graphic path [95]. d Cycloid graphic path [96]. e
Hibert graphics path [98]. f Peano graphic paths [100]. g Pseudo-ran-

3.5 Compute of dwell time

Material removal during polishing can be conceptualized as
the movement of the polishing head in a two-dimensional
plane, allowing the process to be perceived as a two-dimen-
sional convolution. The dwell time of the solution method
can be partitioned into forward and reverse methods. The
forward method, involving iterative algorithms and a pre-
scribed set of dwell times to compute surface errors, iterates
until achieving the desired surface type. On the other hand,
the inverse method calculates the residual error between
the current and final surfaces and determines the dwell
time through inverse convolution of the residual error and
TIF [105-108]. The iterative algorithm in the discretized
model exhibits a generally slow convergence and may fail
to converge due to oscillations in the calculation process.
The Fourier transform method cannot process the TIF
when it approaches zero, resulting in a negative dwell time.
Although the linear system of equation algorithm can yield
high accuracy, it requires enormous computational effort,
leading to sluggish solution speed.
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domized polishing path [101]. h Maze path [20]. i Circular pseudo-
random path [102]. j Six-directional pseudorandom consecutive unic-
ursal polishing path [103]

Wang et al. [109] optimized the algorithm for dwell time,
as illustrated in Fig. 14a. They introduced an adaptive coef-
ficient, y, to expedite the convergence speed during the
solution process. The initial surface error, PV =1741.29 nm,
RMS =433.204 nm, after two simulation steps reduced to
PV=11.7 nm, RMS =0.5 nm, as depicted in Fig. 14b, c.
Zhang et al. [110] took into account the machine’s dynamic
characteristics when determining the dwell time by con-
straining the range of machine motion speed variation
between adjacent points and aimed to achieve lower RMS
and PV values through the solution process. Lee [111]
employed the Lucy-Richardson iterative algorithm for
deconvolution, computed the convergence ratio, specified
the machining allowance, and developed the optimized dwell
time function. Zhao et al. [112] enhanced the grouped LSQR
algorithm by implementing staggered grouping for dwell
time calculation, resulting in the convergence of RMS and
PV values to a lower range within three iterations.

The abovementioned literature has demonstrated that the
existing dwell time algorithm exhibits high precision in the
non-edge regions of the component. However, extensive
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research is still needed to find an algorithm for correcting
the dwell time at the component’s edge regions.

3.6 Wear of bonnet tool

Taking into account that BP is a type of contact polishing,
the stability of the TIF and material removal during the pol-
ishing process will be affected by the wear of the polishing
tool. Consequently, the surface accuracy of the optical ele-
ment cannot be maintained.

Su et al. [113] established that wear of the polishing tool
induces modifications in the surface microstructure and in
the radius of curvature of the polishing head, potentially
impacting the stability of the TIF. Park et al. [114] con-
ducted a morphological analysis of polishing pads using
SEM and demonstrated that randomly distributed micro-con-
vexities in the polished contact area result in non-uniform
surface roughness distribution, thereby leading to instabil-
ity in material removal characteristics. Belkhir et al. [115]
utilized SEM to analyze polishing pads at various polishing
stages and demonstrated that abrasive particles and debris
removal from the workpiece were the primary contributors
to pad wear. Additionally, Yann et al. experimentally identi-
fied wear of polishing tools as one of the foremost reasons

— i

error after the first simulation process using the self-adaptive iterative
algorithm. d Surface residual error after the second simulation pro-
cess using the self-adaptive iterative algorithm

for the instability of material removal characteristics. Yann
et al. [116] experimentally pointed out that the wear of pol-
ishing tools is one of the most important reasons for the
instability of the material removal characteristics. Zhong
et al. [117, 118] investigated the removal characteristics of
BP tools under varying wear conditions. They observed that
the impact of different bonnet tool wear levels, as illustrated
in Fig. 15a, b, on the stability of the removal characteristics
escalates with the tool wear level. The reduction in fric-
tion coefficient due to tool wear is a primary factor leading
to decreased removal efficiency. Shi et al. [119] incorpo-
rated the time-varying effects of polishing pad wear into
their investigation of polishing mechanisms and material
removal stability. They introduced novel models capable of
addressing the decline in material removal caused by wear
of the polishing tool. Zhang et al. [120] determined that the
flexibility error and force state of the bonnet tool during
processing were concurrently influenced by both short-term
stress relaxation and long-term creep effects. The wear of
polishing tools accumulates over time, necessitating a signif-
icant service period to collect wear samples. Consequently,
conducting the wear experiment over an extended duration
allows for obtaining a more precise correlation between
the wear degree and the changes in TIF. By integrating this
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Fig. 15 a Conditions of worn bonnet tool and well bonnet tool [118]. b Schematic diagram of bonnet polishing tool dressing system [61]. ¢
Comparison on the measurement result (RMSE) of bonnet tool before dressing and after dressing [122]

relationship with dynamic TIF, more precise prediction
results can be achieved [121].

In the bonnet tool dressing, Wang et al. [122] proposed a
dressing scheme using cup diamond wheel for bonnet tool,
and then conducted the feasibility of the dressing scheme
by analyzing the trajectory and the envelope of the diamond
particles on the cup wheel; the dressing result is shown in
Fig. 15c. Pan et al. [61] established the rajectory model of
the dressing process using multi-body theory and developed
an optimization method to optimize the process parameters.
When polishing tools were dressed using the best pro-
cess parameters, the surface quality of the polishing tools
improved by 86.57% to 35.92 mm on average.

4 Basic introduction to MRF
4.1 History of MRF

The concept of MRF was first introduced and validated by
Kordonski in 1986. The first prototype of MRF, depicted in
Fig. 16a, was developed by Kordonski et al. [123] in 1992,
and it had various limitations. In 1993, Kordonski and his
colleagues were invited to the Center for Optics (COM) at
the University of Rochester to conduct MRF research [124].
In 1995, the Center for Optics (COM) [125, 126] developed
wheel-type MRF equipment, achieving a surface roughness
of less than 1 nm. In 1996, Golini et al. [126—128] recog-
nized the commercial potential of MRF and founded QED
Technologies to initiate its commercialization. Subsequently,
in 1998, the world’s first commercial MRF machine, Q22,
was launched at QED, paving the way for a series of MRF
machines tailored for ultra-precision polishing of aspheric
optics, including Q22-XE, Q22-X, Q22-XY, and Q22-400X
(demonstrated in Fig. 16c).

@ Springer

In China, Zhang et al. [23-25] conducted the pioneering
MREF research, developed a testing platform, and achieved
surface roughness reductions to 1.55 nm and 1.47 nm for two
types of components. Peng et al. [26, 129, 130] developed
a prototype for wheel polishing, achieving a surface rough-
ness of less than 1 nm, and demonstrated KDMRFs—MRF
machine tools (displayed in Fig. 16d) to establish the stand-
ardization of the machinery.

4.2 Principle of MRF

MREF is a technology that utilizes the rheological proper-
ties of magnetorheological fluids under the influence of
a magnetic field to polish workpieces, as illustrated in
Fig. 17. A specific polishing gap exists between the work-
piece and the polishing wheel. As the magnetorheological
fluid enters the polishing gap via the circulation system,
it transforms into a viscous-plastic Bingham fluid, char-
acterized by increased hardness and viscosity, thereby
forming a ribbon with a distinct shape. The abrasive par-
ticles within the magnetorheological fluid are not affected
by the magnetic field, causing them to float to the top
of the ribbon, creating a “flexible polishing mode.” The
increased hardness and viscosity of the ribbon result in
the formation of a ribbon with a specific shape. Further-
more, the abrasive particles in the magnetorheological
fluid are unaffected by magnetic fields, allowing them
to hover above the ribbon and form a flexible polishing
mode [25, 26, 130].

MREF technology is an advanced optical fabrication
method with the following advantages [25, 26, 130]:

1. High surface quality. The flexible polishing mold
employs a unique shear action to adjust its cutting
action, resulting in high surface quality. The workpiece’s
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surface and stress subsurface layers are minimal, thus
preventing sub-surface damage.

2. High precision of surface shape. Computer control allows
for quantitative material removal, which simplifies the
process of repairing the shape of optical components.

3. Easy computer control. Controlling the flexible polish-
ing mold allows for efficient polishing, and when com-
bined with computer control of the polishing trajectory
and dwell time, it facilitates computer-controlled auto-
matic manufacturing.

4. No tool wear. The circulation of magnetorheological
fluid through a recirculation system eliminates tool wear,
a common issue in CCOS.

4.3 Type of MRF

The classification of MRF types is primarily determined by
the shape of the MRF tool, which includes wheel, disc, ball-
end, and other configurations.

4.3.1 Wheel type

The polishing wheel rotates beneath the workpiece, forming
an upright structure (as depicted in Fig. 18a). In contrast to

the upright wheel type, the Q22-2000F and KDMRF1000
machines are suitable for processing large- and medium-
sized workpieces, with the polishing wheel situated above
the workpiece (as illustrated in Fig. 18b), which are identi-
fied as inverted wheel type [132]. Yadav et al. [133] designed
a magnetorheological gear profile finishing (MRGPF)
(principle shown in Fig. 18c) machine, which significantly
improved gear profile surface finishing, reducing the sur-
face roughness from Ra 242 to 25.3 nm. Sato et al. [131]
studied the rapid MRF process (illustrated in Fig. 18d) of
the aerospace alloy Ti-6Al-4 V, employing a high-speed
biaxial magnetorheological tool affixed to the spindle. They
achieved mirror-quality finishing of challenging aerospace-
grade materials that are difficult to machine. Li et al. [134,
135] implemented MRF using industrial robots (as depicted
in Fig. 18e) and improved the face shape accuracy of a
1000 mm X470 mm SiC off-axis aspherical mirror from
45.76 nm RMS to 22.78 nm RMS.

4.3.2 Disc type

In the pursuit of enhancing the material removal efficiency
of MRF, Guan et al. [136, 143] conducted optimization
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(MRGPF) machine [133]. d Principle of rapid MRF tech [131]. e
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[136]. g Schematic diagram of clustered MRF [137]. h MRF uses
large polishing planes [138]. i Schematic diagram of BEMRF [139].
Jj Using BEMREF finishing hemispherical resonance gyroscope [140].
k Device of MRHF [141]. 1 Device of inclined-axis MRF technique
[142]
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of the excitation reset structure. They devised a lap-type
MREF process (depicted in Fig. 18f). The surface shape error
across the entire aperture range of @350 mm K9 glass was
reduced from 25.236 A PV and 4.306 A RMS to 4.835 A
PV and 0.683 A RMS. Yan et al. [137, 144] introduced a
clustered MRF method, as illustrated in Fig. 18g. By uti-
lizing optimized process parameters for a 30-min duration,
they achieved a reduction in surface roughness: from Ra
0.34 um to Ra 1.4 nm for K9 glass, from Ra 57.2 nm to Ra
4 nm for monocrystalline silicon, and from Ra 72.89 nm to
Ra 1.92 nm for monocrystalline SiC. In all cases, nanoscale
roughness surfaces were obtained. Yin et al. [138, 145]
introduced a MRF technique utilizing large polishing mold
planes, as depicted in Fig. 18h. After 60 min of polishing,
the surface roughness of the K9 glass was reduced from
Ra 127 nm to Ra 1 nm, while maintaining the face shape
accuracy at PV1 nm and achieving a surface roughness of
Ra 0.6 nm.

The development of disc-type MRF primarily aims to
improve polishing efficiency. Owing to the large size and
flat shape of the polishing discs, this type of MRF is primar-
ily employed for polishing flat components.

4.3.3 Small tool type

Singh et al. [139, 146] designed a ball-end magnetorheo-
logical finishing (BEMRF) device, depicted in Fig. 18i,
capable of machining workpieces such as CNC ball-end
milling cutters, particularly for grooves and complex sur-
faces, given the small size of the ball end. Zhang et al.
[140] applied BEMREF technology to improve the surface
roughness of the small-diameter complex structure of thin-
walled parts in the hemispherical resonance gyroscope, as
depicted in Fig. 18j. Aggarwal et al. [141] developed a
novel electromagnetic-based magnetorheological hemi-
spherical finishing (MRHF) tool, as shown in Fig. 18k, to
achieve the fine-finishing requirements on the surface of
the interior blind hole type ball cup (BHBC) workpiece.
Subsequently, the roughness of the BHBC workpiece
decreased from 0.310 to 0.070 pm after 80 min. Yin et al.
[142, 147] introduced an inclined-axis MRF technique, as
depicted in Fig. 181, tailored for small-size components,
and designed a compact aspherical ultra-precision com-
posite machine tool. This machine tool achieved a shape
accuracy of 221 nm and a roughness of 0.7 nm Ra for a @
6.6-mm aspheric carbide mold.

A variety of compact polishing tools can result in a
smaller TIF, enhancing surface adaptability significantly,
while concurrently reducing the efficiency of material
removal. Due to the minimal size of the MRF tool, it is
incapable of supporting a circulatory system for the mag-
netorheological fluids as efficiently as wheel or disc types.

Over prolonged use, this could cause the magnetorheologi-
cal fluid to fail to precipitate, diminishing the predictabil-
ity of the polishing process.

4.3.4 Other types

Ren et al. [148—150] introduced a belt-type MRF technol-
ogy (shown in Fig. 19a) that utilizes a belt as a carrier for
the magnetorheological fluid. They developed a special-
ized machine tool, named the belt MRF, which was used to
process a 235-mm-diameter SiC planar mirror for 30 min,
reducing the regional face shape error from PV =0.396\
and RMS =0.091A to PV =0.204A and RMS =0.020A. Jain
etal. [151, 152] introduced a rotational magnetorheological
finishing (RMRF) process (as depicted in Fig. 19b) aimed
at reducing the surface roughness of stainless steel compo-
nents from Ra 260 to 110 nm and brass components from
240 to 50 nm. This was accomplished by employing a rotat-
ing magnetic field and hydraulic unit to induce a combined
rotating and reciprocating motion of the polishing media.
Liu et al. [153] introduced the magnetorheological preces-
sion finishing (MRPF) Technology (illustrated in Fig. 19¢),
which innovatively integrates MRF with bonnet precession
polishing to produce a Gaussian-like TIF. This technology
facilitated the uniform polishing of fused quartz surfaces,
resulting in a significant reduction of Ra from 0.7 pm to
2.14 nm. Paswan et al. [154] devised an in situ rotary mag-
netorheological honing (RMRH) approach (as depicted in
Fig. 17d) for the fine-finishing of the machined inner sur-
faces of cylindrical workpieces, resulting in a noteworthy
reduction of the surface roughness from 510 to 60 nm.
The belt MRF replaces the polishing wheel with a belt
and converts the D-type TIF to the T type, improving mate-
rial removal efficiency for polishing large flat workpieces,
although it exhibits poor adaptability on the polishing surface.
MRPF applies the precession principle in BP to transform the
D-shaped TIF into Gaussian-like TIF, overcoming the asym-
metric problem of MRF. RMRF and RMRH are tailored for
workpieces with hole characteristics and demonstrate effective
polishing of commonly used industrial parts. However, consid-
erations such as the circulation of MR fluid are still necessary.

4.4 Compound finishing methods

In the field of compound polishing technology, the use of
electric or magnetic field assistance is dominant. Among
these, MRF is often chosen as one of the compound polish-
ing technologies due to its strong polishing determinacy, low
tool requirements, high surface quality, and absence of SSD.

Zhang et al. [155-158] first proposed ultrasonic-mag-
netorheological compound finishing (UMRF) technology
(illustrated in Fig. 20a). The method employs a rotating
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small-diameter polishing tool head to machine concave,
free-form optical elements with small curvature radius.
By combining the advantages of MRF and ultrasonic pol-
ishing, the material removal distribution in a small area
becomes more concentrated, thereby enhancing the pol-
ishing efficiency. In 2010, Jain et al. [159] introduced the
chemo-mechanical MRF (CMMREF) technology (shown in
Fig. 20b). Chemical-mechanical polishing (CMP) reactions
are employed to enhance the polishing quality. Conversely,
MREF fluids are utilized to manage the force magnitude on
the workpiece, thus regulating the material removal rate
(MRR) and mitigating surface integrity concerns. Ghai
et al. [160] investigated the impact of process parameters
on the CMMREF process, achieving a surface roughness
reduction to Ra 0.597 nm. Liang et al. [161] conducted
a study on cluster chemo-mechanical MRF applied to
single-crystal SiC wafers, effectively controlling the sur-
face roughness of the 2-in substrate to below Ra 0.1 nm.
Tian et al. [162] introduced the electromagnetorheologi-
cal finishing (ECMRF) method (illustrated in Fig. 20c)
for polishing rigid-fragile materials. Experimental results
corroborate that the synergistic application of electric and
magnetic fields significantly enhances the effectiveness of
the ECMREF technique compared to solely applying exter-
nal electric or magnetic fields. Liu et al. [163] employed
ECMREF for machining the 3D microstructure of hard-brittle
materials. The machined microgroove exhibits an inverted
trapezoidal shape, and the material removal mechanism
observed in normal glass with this micromachining method
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follows the plastic removal mode. Kordonski et al. [164]
introduced the concept of magnetorheological jet polish-
ing (MJP) and were responsible for the development of a
fully functional five-axis MJP system. Zhang et al. [165,
166] built a MJP device and enhanced the W-shaped TIF
to resemble a Gaussian shape during vertical polishing.
Additionally, Cheng et al. proposed a weighted iterative
algorithm and an extended surface to mitigate the influ-
ence of MSF error and edge effect in the existing process,
resulting in an improvement of the surface PV from 0.220A
to 0.064A, and a decrease in RMS from 0.047A to 0.007\
[167, 168]. Sun et al. [169] utilized the magnetorheologi-
cal shear thickening finishing (MRSTF) method (shown in
Fig. 20e) with the designed finishing tool and developed
MSTF media to finish a typical free-form surface (shown in
Fig. 20d), specifically, the Sine surface. This resulted in the
uniform removal of SUS304 material across the entire Sine
surface, achieving over 87% improvement in surface rough-
ness (Sa). Tian et al. [170] developed a material removal
rate (MRR) model for the MRSTP process. This resulted in
achieving a surface roughness (Sa) of 79.0 nm on aluminum
6061, representing a notable improvement of over 77%. Jha
et al. [171] introduced the magnetorheological abrasive flow
finishing (MRAFF) technology, which integrates MRF and
AFM, and explained the mechanism. Subsequently, Jain
et al. [151] introduced the rotational-magneto abrasive
flow finishing (R-MRAFF) technique (shown in Fig. 20f).
The R-MRAFF process achieved the best surface finish of
110 nm on stainless steel and 50 nm on brass workpieces.
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4.5 Application of MRF

MREF technology exhibits low polishing efficiency but
excels in trimming accuracy, making it a popular choice
for shaping and refining optical components. The appli-
cations of MRF can be categorized into optical and non-
optical domains, where optical applications encompass
lenses, reflectors, and sensors, while non-optical applica-
tions span medical, semiconductor, and aerospace indus-
tries, as depicted in Fig. 21. In these domains, MRF is
primarily employed for the final surface modification of
components and for reducing surface roughness to ensure
the components meet performance standards.

4.5.1 Optical

Guan [1] carried out lap MRF polishing experiments on the
surface of @350 mm K9 glass. After a total of 3900 min of
four iterations, the surface shape error in the entire aperture
range converged from 25.236 PV, 4.306\. RMS to 4.835\

PV, 0.683A RMS, which realized the rapid convergence of
the LSF components of the surface shape error of K9 glass.
Wang et al. [172] utilized the CMMRF method for process-
ing sapphire glass, resulting in a significant polishing effect.
The process achieved a maximum material removal rate of
4.63 mg/h, and the sapphire wafer was polished to achieve
an ultra-smooth mirror state with an Ra of 0.3 nm.

In the realm of optical mirrors, in 2018, IOF [173] con-
tributed to the upgrade of CRIRES in Chile. MRF technol-
ogy was employed to rectify the shape of the aluminum
mirror. Subsequently, CCOS smoothing was utilized to
moderate the roughness to a range between RMS1 nm
and RMS5 nm, ensuring shape deviation remained below
RMS35 nm. IOF [174] utilized MRF for single-point
diamond turning on the third mirror in the TMA system,
achieving a shape deviation RMS of less than A/40 nm. In
2018, the Changchun Institute of Optics, Fine Mechanics
and Physics, Chinese Academy of Sciences, they made a
substantial enhancement in the manufacturing accuracy
and efficiency of the aspheric surface by employing the
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Fig.21 Application of MRF

combined processing technology of “stress disk” polish-
ing and MRF. They successfully developed and received
acceptance for the 4.03-m large-diameter silicon carbide
mirror [175].

In addition to optical lenses, Chen et al. [176] applied
the BEMRF method to refine the small-diameter complex
structures of thin-walled parts in the hemispherical reso-
nance gyroscope. This process successfully reduced the
surface roughness from Ra 645.8 to Ra 18.7 nm, meeting
the performance requirements of the workpiece.

4.5.2 Non-optical

MREF is frequently utilized for refining precision medical
instruments. Ji et al. [177] introduced and developed a roller-
type UMRF method and equipment, achieving a reduction
in surface roughness of titanium alloy medical bone screws
from 1.39 to 0.435 pm. Yan et al. [178] employed the cluster
MREF technique to polish medical TC4 titanium alloy material,
resulting in an ultra-smooth surface devoid of heterogeneous
components. Prakash et al. [179] investigated the polishing

@ Springer

Optical

eondo-uo

of medical B-phase Ti-Nb-Ta-Zr (B-TNTZ) alloy-based ace-
tabular cups employing the magnetorheological fluid-assisted
magnetic abrasive finishing (MRAF) technique, resulting in
achieving a nearly Ra9nm smooth surface.

In the semiconductor industry, Arrasmith et al. [180]
of COM initially applied the magnetorheological finishing
technique on surface stress relief after grinding < 1,1,1 > sili-
con wafers with alumina abrasive, which effectively elimi-
nated the residual stress on the surface of silicon wafers.
Sidpara et al. [181] carried out a smooth and clean treatment
on the surface of monocrystalline silicon blanks to reduce
the surface roughness of silicon wafers from Ra 1600 nm
to Ra 8 nm. Sun et al. [182] optimized the process param-
eters of the cluster magnetorheological technique to reduce
the surface roughness of indium phosphide wafers to Ra
0.35 nm. They obtained a material removal rate of 2.5 pm/h.

For hard-to-cut metals, Sato et al. [131] employed a
custom-made biaxial MRF testing apparatus to diminish
the surface roughness of a 20 mm X 20 mm flat component
to approximately Ra 0.1 um and a 25 mm X 10 mm semi-
cylindrical component to around Ra 0.2 um. Parameswari
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et al. [183] polished a disk-type Ti-6Al-4 V component with
a diameter of $106.8 mm employing a disk-based MRF
method to reduce its surface roughness from an initial value
of Ra 413 nm down to Ra 95 nm.

5 Key techniques of MRF
5.1 Modeling of TIF

Both the experimental and theoretical modeling methods
assume that the radius of curvature of the workpiece is con-
stant. Therefore, the TIF model becomes complex to rep-
resent the impact of curvature radius variations on the TIF
[107]. Table 3 presents the TIFs studies conducted by vari-
ous scholars on MRF.

Kordonski et al. [189, 190] pioneered the development
of a mathematical model for the TIF in MREF, utilizing Pres-
ton’s equations to quantify the material removal rate and the
applied shear force. Furthermore, the mathematical model
accurately corresponds to the polishing spot profile obtained
from polishing experiments. Shorey et al. [184] considered
friction and shear forces in the finishing process, introduced
the parameter Cp, modified Preston’s equation, and validated
Golini and Kordonski’s concept that shear stress governs
the removal rate of MRF material. Taking into account the
incompressibility of the MR fluid, Zhang [24] omitted the
impact of magnetostrictive pressure on the TIF stemming
from the volume change in the magnetic field and developed
a model for the TIF of MRF through the resolution of the
fluid’s dynamic pressure and the magnetization pressure of
the fluid. Peng [24, 191] posits that the MRF process is akin
to bearing lubrication. Subsequently, a mathematical model
for material removal in MRF was established based on
Preston’s equation, which accounts for the positive pressure
applied to the workpiece’s surface. Schinhaerl et al. [192]

Table 3 Research on the MRF TIF

devised an error-filtering algorithm for TIF measurements to
mitigate the impact of measurement errors, yielding axially
symmetric TIFs. Shi et al. [193] conducted theoretical analy-
sis and numerical calculations to explore the nucleation state
of the MR fluid within the polishing area under the influence
of a gradient magnetic field. Additionally, they developed a
three-dimensional mathematical model for material removal
in MRF, focusing on the “shear as the primary factor and
pressure as the secondary factor” mechanism. Schinhaerl
etal. [185, 194] also developed a three-dimensional mathe-
matical model of three different TIFs of magnetorheological
finishing on concave (shown in Fig. 22a), convex, and planar
workpieces. They explored the effects of various factors on
the TIF of magnetorheological finishing. Song et al. [186]
established a TIF prediction model for magnetorheological
finishing. The TIF model efficiency coefficients are iden-
tified for different materials using the distribution of face
shape errors before and after processing and the distribution
of face shape residuals calculated by simulation. They then
theoretically derived the calibration and prediction models
for the magnetorheological finishing TIF and introduced the
TIF efficiency coefficient to calibrate the TIF [195]. Ghosh
et al. [187] investigated the effect of process parameters on
the TIF in magnetorheological finishing of single-crystal
silicon. The experimental results showed that the wheel
speed contributes the most to the MRR and DDP of the TIF.
Liu [188] proposed a new interactive regionalized modeling
method of TIF for aspherical optical machining based on
the regionalization of components and the solution of the
nearest spherical radius, solving the problem that the TIF
of aspherical and free-form surface components cannot be
predicted accurately due to curvature effect. Subsequently,
Liu [196] deeply analyzed the influence weights and map-
ping relationships of magnetorheological finishing process
parameters on PRR, VRR, and polishing area, proposed the
characteristic length coefficients as the evaluation indexes of
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the removal characteristics, and verified the influence of the
characteristic length coefficients and the processing trajec-
tory on the uniform removal of the material.

When researchers established TIF theory and obtained
TIF by experiments, they were based on the premise that
the workpiece was a flat workpiece or a spherical element
of equal curvature, and TIF could not reflect the influence
of the workpiece curvature radius change on itself. Due to
MRPF’s inferior surface adaptability compared to BP, it is
essential to adjust the TIF of MRF based on varying curva-
ture changes.

5.2 Optimization of magnetic field performance

The stability of the magnetic field dictates the stability of
the magnetostrictive pressure, subsequently influencing the
stability of the TIF. Additionally, the spatial distribution and
excitation area of the magnetic field determine the volume of
the TIF, consequently impacting the material removal rate.

In traditional wheel-type MRF research, Peng et al. ana-
lyzed the limitations of Zhang’s [197] use of a permanent
magnet magnetic circuit as a magnetic field generator for
a MRF device. Zheng et al. [198] analyzed the impact of
factors such as magnetic permeability of permeable mate-
rial, saturation magnetic induction strength, air gap length,
yoke cross-sectional area, pole shape, and others on the
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function [187]. d Measured spots and theoretical spots in two differ-
ent process parameters [188]

distribution and strength of magnetic induction within the
polished region. Regarding the excitation technology of the
new MRF process, the primary objective is to enhance the
excitation area in order to improve polishing efficiency. Nie
et al. [199] examined the impact of magnet arrangement in
the magnetic field generator on the polishing effect (shown
in Fig. 23b), analyzed the correlation between magnet
arrangement and flux density distribution, and optimized the
magnetic field distribution in the polishing area by employ-
ing the six-way cross arrangement. Experimental verifica-
tion demonstrated that small radius magnets yield improved
flatness, whereas large radius magnets enhance polishing
efficiency.

To enhance the material removal efficiency of MREF, it
entails increasing the polishing area, enhancing the magnetic
field intensity within the polishing area, and optimizing the
magnetic field distribution. Guan et al. [135, 143] identified
the optimal values for each key parameter of the permanent
magnet unit. The magnetic field strength in the solid mag-
netic field area on the polishing disc surface reaches 0.35 T,
enabling the MR fluid to form a stable ribbon (shown in
Fig. 23a) that facilitates the removal of workpiece materi-
als. The magnetic field strength in the center channel of the
polishing disc’s rotating axis and the weak magnetic field
area on the disc’s surface is less than 0.08 T, allowing the
magnetorheological fluid to flow smoothly for cycle renewal.
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Lu et al. [200] designed four different types of magnetic field
distribution in cluster MR fluid (MRF) and investigated their
impact on material removal. The experimental results dem-
onstrate that the axial magnetization isotropic arrangement
and radial magnetization isotropic arrangement of the mag-
nets can generate higher magnetic field strength and distribu-
tion. Wang et al. [150, 201] utilized boat-shaped permanent
magnets made of strong magnetic material NdFe50 for the
strip magnetorheological finishing (MRF) process, achiev-
ing an X-direction magnetic field strength exceeding 4000
Gauss (shown in Fig. 23¢). Simulation and experimental
verification confirmed the structural validity of the boat-
shaped magnets, fulfilling the requirements for ribbon bump
formation in MRF. As the magnetic flux density approaches
and surpasses the saturation point, it disrupts the uniformity
of magnetorheological shear stress distribution, resulting in
inconsistent material removal. To address this issue, Wang
[172] optimized and tested the permanent yoke excitation
device, increasing the maximum flux density in the MR
fluid by almost 60 mT and expanding the magnetic field by
22 mm (shown in Fig. 23d).

5.3 Fabrication of MR fluids

MR fluid has an essential influence on the efficiency and
quality of MRF. MR fluid mainly comprises magnetic parti-
cles, base fluid, and additives. The magnetic particles mainly
include y-Fe,0;, Fe,0,, Fe;0,, Co Fe,0,, and Ni Fe,0,
alloy materials. The commonly used base fluids are mainly
mineral oil, engine oil, synthetic oil, water, etc.; additives
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[199]. ¢ Magnetic strength in belt MRF and its TIFs [150]. d Com-
parison of flux density and ribbons in MRF uses large polishing
planes [172]

include dispersants such as silicon dioxide and phosphate
and anti-sedimentation agents such as polymer and hydro-
philic silicone resin oligomer [132, 202].

An effective MR fluid should exhibit low viscosity at zero
magnetic fields, excellent anti-settling stability, re-dispersion
capability, high shear yield stress, rapid dynamic response,
broad working range, and environmental friendliness [203].
The fabrication process of magnetorheological (MR) fluids
is depicted in Fig. 24a. MR fluids are characterized by three
primary properties: stability, magnetic properties, and rheo-
logical properties.

MR fluid stability primarily pertains to sedimentation sta-
bility, which involves the ability of MR fluid to resist settling
and maintain uniform suspension within the fluid [205]. Par-
ticles in MR fluid tend to agglomerate after settling, signifi-
cantly impacting the fluid’s performance. Kordonski et al.
[206] investigated the influence of magnet particle size and
content on sedimentation stability. The sedimentation veloc-
ity of MR fluid shows a linear correlation with the size of
magnet particles, with smaller particles leading to enhanced
sedimentation stability. Han et al. [204] modified the mate-
rial composition of the MR fluid by incorporating Fe;O,
particles and hexadecyl trimethyl ammonium bromide as
surfactants. Additionally, they introduced SiO,/Fe;O,4 nano-
particles to produce MR fluid with improved sedimentation
stability. Guo et al. [207] prepared MR fluids using carbonyl
iron powder as magnetic particles and nano-silica particles
with varying specific surface areas as thixotropic agents.
Their study investigated the impact of varying the specific
surface areas of silica on the rheological properties and
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sedimentation stability of the MR fluids. It was observed
that larger surface areas of silica molecules correspond to
improved rheological properties and sedimentation stability.

The term “magnetic properties” denotes the phenomenon
of magnetization exhibited by MR fluid in response to an
external magnetic field, wherein the fluid’s magnetization
varies with the applied magnetic field [25]. This factor sig-
nificantly influences the properties of the flexible polishing
mold in MRF. Kordonski et al. [208]. discovered that the
magnetic susceptibility of MR fluid exhibits a linear rise with
the increase in volume fraction and tends to increase with
larger particle diameters. Lopez [209] observed that MR fluid
can exhibit superparamagnetic behavior when the magnetic
particle size is in the nano-scale range (8 to 10 nm). Achiev-
ing reversible control of material properties requires the
particles to exhibit enhanced soft magnetic properties. This
ensures that upon removal of the external magnetic field, the
material’s mechanical properties revert to their original state
without the influence of the magnetic field. This criterion
significantly affects the stability and magnetic properties of
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MR fluids, as particles would otherwise exert attractive forces
within the liquid matrix [210, 211].

The rheology of magnetorheological fluid refers to the
magnetorheological fluid that hardens under the action of
a strong external magnetic field, which has properties simi-
lar to the “solid” state. Rheology is reversible, removes the
external magnetic field and the magnetorheological fluid
back to a liquid with good fluidity [25]. Currently, domestic
and foreign researchers and scholars of magnetorheological
fluids macroscopic description of the following models: the
Bingham plasticity model, the generalized Bingham model,
the Herschel-Bulkley rheological model, viscous model
and Eyring model [176, 212], and the highest acceptance
of the Bingham plasticity model. The controllability of the
magnetorheological fluid is reflected in the controllability
of the yield stress, which can be controlled by controlling
the magnetic field strength B and the magnetorheological
fluid temperature T to control the shear rate and, thus, the
yield stress. When the shear rate is low, the shear stress of
the magnetorheological fluid is less than its yield stress;
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magnetorheological in the macroscopic pre-yield stage, yield
stress with the increase in shear rate increases significantly
magnetorheological fluid for a solid-like movement; when
the shear rate to rise to a specific value, the shear stress
exceeds the yield stress; the yield stress rate of change has
become very slow, into the yielding stage, magnetorheologi-
cal fluid with zero magnetic fields when the viscosity flow.

5.4 Control on edge effect

Due to the different rotation direction of the polishing wheel
driving the magnetorheological fluid and the truncation of
the magnetorheological fluid when flowing through the edge
of the component, the distribution of fluid dynamic pressure
at the edge of the workpiece is different from that in the
non-edge region, and magnetorheological finishing also has
specific edge effects, as shown in Fig. 25.

In the leading state, the TIF is partially missing because
the workpiece truncates the front side of the ribbon; in the
trailing state, the TIF is also missing because there is no
element support under part of the ribbon [213].

Li et al. [214] compared the measured edge TIF to the
ideal complete TIF and found that the trailing state does not
cause the loss of MR fluid compared to the Leading state.
The change in material removal rate is insignificant for the
trailing state, whereas the leading state shows a significant
change in material removal rate for MRF. The shape RMS
has converged to 0.014A by modificating the dwell time at
edge position, which is shown in Fig. 26b. By conducting a
thorough analysis of the stability of the MRF edge TIF and
refining the edge algorithm to account for dwell time, Zhong
et al. [215] introduced a novel approach to mitigate edge
influence during MRF. Experimental findings demonstrate
that the edge error zone can be effectively limited to less
than 1.5 mm (shown in Fig. 26c). Jeon et al. [216] conducted
an analysis of the edge TIF in the leading and trailing states.
They integrated various edge TIFs with different truncation
distances and polishing parameters, and introduced a novel
mathematical model for forecasting the edge effects fol-
lowing MRFs. This model predicted edge effects with an
error margin of 4-7% from the experimental actual value.

Fig. 25 Schematic drawing of
the MR fluid flow state [213].

a At the leading edge, b away
from edges, and c at the trailing
edge

Polishing wheel

MR fluid Workpiece

Comparison between the predicted edge and the measured
edge in leading region and trailing edge is shown in Fig. 26d.

It is necessary to start from the essence of MRF, analyze
in detail the formation mechanism and evolutionary law of
edge effects, and establish effective methods and techniques
for controlling edge effects. MRF employs similar methods
to control edge effects, which share principles akin to the
Tool-Lift method. Nevertheless, the non-central symmetry
of MRF TIF requires consideration of its pose’s impact on
the edge effect during control. Additionally, optimizing the
polishing path for distinct edge characteristics is imperative
to explore their synergistic effects.

5.5 Control on MSF error

MSF errors in MRF primarily arise from the dwell time
algorithm, while the surface shape error is minimized using
a TIF in the edge region of the optical surface. This phenom-
enon is referred to as the ringing effect of MRF.

QED [217] proposed a multi-step polishing process, ini-
tially utilizing large-diameter MRF for material removal,
eliminating the abrasive damage layer and mitigating
the LSF error. Afterwards, CCOS small tool polishing is
employed to rectify the middle and HSF errors along with
the edge effects. Lastly, small-diameter MRF is utilized to
refine the surface shape. Yang et al. [218] suggested ran-
domizing the raster path step size as a means to mitigate
the MSF. They substantiated the efficacy of this random
line spacing approach in mitigating MSF errors in MRF
through simulations. Li [214] employed the use of confor-
mal extension to mitigate the MSF oscillation-ringing effect
caused by the dwell time algorithm in MRF. This approach
addresses the spatially periodic face shape error in the edge
region of the optical surface, approximately in the size of
the TIF. The RMS value was decreased from 6.4 to 1.46 nm
through virtual machining of a ¢ 100-mm planar compo-
nent, as shown in Fig. 27a. Hou et al. [219] conducted a
theoretical analysis of the primary factors influencing the
MSF error in raster path processing. They determined that,
within the established TIF, the removal depth of a single
scan and the finishing distance significantly impact the

@ Polishing wheel

Workpiece Workpiece

MR fluid
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Schematic of a typical MRF processing mode in the traditional 90°
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finishing process. Subsequently, they derived the optimal
parameters for the removal depth of a single scan and the
processing distance under specific process conditions in the
MREF process, utilizing a 1-nm MSF error as the evalua-
tion criterion (shown in Fig. 27b). Wan et al. [220] modi-
fied the angle between the polishing wheel rotation and the
raster path in MRF. While the traditional process employs a
90° angle, they implemented a “magic angle step state” of
55.7°-60.5° (illustrated in Fig. 27c), and conducted a series
of process tests. The experimental results demonstrate effec-
tive suppression of the MSF error by the MRF tool, reducing
it from 0.009A to 0.006A. Additionally, the power spectral
density curve corresponding to the magic angle step state
no longer exhibits significant oscillations. Wang et al. [221,
222] explored the impact of magnetorheological ribbon
fluctuations in MRF on the MSF error of machined com-
ponents, and the potential for mitigating the MSF error on
the component surface by manipulating the rotation angle
of the TIF and the ribbon fluctuations. The experimental
findings demonstrate that changes in the magnetorheological
flow, induced by the rotation of the centrifugal pump in the
MR fluid circulation system, lead to ribbon fluctuations. As
ribbon fluctuation increases, the RMS value of the spatial
frequency PSD2 on the machined surface progressively rises
(shown in Fig. 27d). Moreover, optimal surface accuracy
with PV 2.791 nm and RMS 0.355 mm is achieved with the
TIF rotated by 74°, a raster step size of 0.5 mm, and a mov-
ing speed of 300 mm/min.

5.6 Path planning

Because BP and MRF both belong to CCOS, their trajectory
planning principles are identical. Notably, in the use of BP
for figuring, the precession process is commonly employed,
resulting in an approximately centrally symmetrical Gauss-
ian-shaped TIF, while the TIF of MRF is asymmetrical and
D-shaped. Consequently, during MRF trajectory planning,
one should take into account the rotation angle of MRF TIF
on the component, such as the “magic angle step” mentioned
in the preceding section.

Dai et al. [223] devised a random polishing path utilizing
the maximum entropy method. The experimental findings
demonstrated significantly lower MSF error in the partially
randomized region compared to the area employing a con-
ventional grating path. Subsequent to one MRF iteration last-
ing 7.46 min, the PV measures 0.062A, and the RMS value
amounts to 0.010A, and the amplitude and smoothness of
the PSD curve have been significantly improved. Yu et al.
[224] devised a tool path algorithm rooted in fractal geometry
(shown in Fig. 28a), utilizing the mesh’s intersection points
as directly connected endpoints of the polyline. The dwell
time of each segment is denoted by the average dwell times
of the two endpoints. Subsequently, a comprehensive set of

surface error data was simulated with precise parameters,
applying both spiral and fractal paths with an equal number
of nodes. The comparative analysis demonstrates that the
majority of error results favor the fractal path over the spiral
path. Hon et al. [99] proposed the construction of Peano paths
(shown in Fig. 28b) to achieve uniform coverage of aspheri-
cal elements, which is well suited to the MRF process. These
paths are comprised of evenly distributed short line segments
and arcs across the entire surface, with each path segment
being orthogonal to its neighboring line segments. The tra-
jectory was employed for polishing @ 100-mm BK?7 glass
using MREF, resulting in convergence of PV and RMS from
0.386A and 0.056A to 0.097A and 0.011A, respectively (shown
in Fig. 28b). Supranowitz et al. [225] from QED introduced a
novel spiral polishing trajectory designed for polishing sur-
faces including inclined planes, wedge-shaped (non-centered)
spherical surfaces, off-axis parabolas, free-form surfaces, and
other surfaces characterized by circular features but lacking
rotational symmetry. Wang et al. [226] introduced a mesh
surface pseudo-random path planning method utilizing the
matrix angle-based flattening (MABF) algorithm to miti-
gate the MSF and HSF errors during the polishing of free-
form surfaces (shown in Fig. 28c). The method comprises
pseudo-random path planning in the parameterized plane,
path inverse mapping, and NURBS smoothing processing.

6 Summary and prospect

Upon review of existing literature, it is apparent that pre-
vious examinations of BP and MRF predominantly focus
on outlining the fundamental principles, equipment, and
applications, lacking a comprehensive review of the key
technologies corresponding to these methods. Therefore, it
is imperative to systematically summarize various aspects
encompassing the technology’s origins, principles, equip-
ment, applications, TIF modeling, suppression of edge
effects, alleviation of MSF errors, and path planning. This
paper aims to initially expound upon the irreplaceable
advantages offered by both compliant polishing methods—
BP and MRF. Notably, these methods are capable of effi-
cient sub-surface damage removal with high confidence and
precise component modification, making them well suited
for mass production due to their cost-effectiveness. Subse-
quent to this, a foundational overview of both techniques is
presented, covering their development history, principles,
equipment, and applications. This is followed by an exami-
nation of the progress in key technologies associated with
BP and MREF, facilitating rapid comprehension and mastery
of the theoretical underpinnings and current research status.
Furthermore, this review serves as a valuable resource for
guiding researchers in identifying potential areas for further
exploration in more detailed studies:
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Fig. 28 a Schematic diagram of
fractal path [224]. b Peano-like
MREF path [99]. ¢ The pseudo-
random path based MABF on

a bicycle seat after NURBS
smoothing [226]

nqgn nm
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1. Further in-depth study of the material removal mech-
anism of BP. Mainstream research on the material
removal mechanism of BP has mainly focused on
macroscopic aspects, such as the TIF, while overlook-
ing microscopic aspects. Although some scholars have
begun examining the interaction between individual
abrasive grains and various minute forces on the mate-
rials, the corrosive impact of the cerium oxide polish-
ing solution on the components has been disregarded.
Hence, there is a need to explore the synergistic inter-
play between the mechanical removal of abrasive grains
and the chemical corrosion induced by the polishing
solution on material removal, in order to develop a pro-
found understanding of the material removal process and
its governing principles.

2. Further in-depth study of the suppression method of
the edge effect of BP. The conventional deterministic
polishing dwell time algorithms exhibit lower precision
at component edges. Additionally, BP, which relies on
material removal via normal pressure of abrasive grains,
alters the stress state of the component at the edges,
leading to increased pressure in both normal and tangen-
tial directions and distortion of the TIF. Consequently,
rectifying dwell time determination at the element edge
and optimizing the machining process at the edge are

@ Springer

essential. This approach aims to synergistically mitigate
the edge effect on the dwell time and TIF.

The polishing pad on the bonnet tool head’s surface is
prone to wear, leading to decreased stability of its TIF,
hindering its ability to rectify MSF error residuals, and
complicating the control process. Therefore, there is a
need to develop and investigate trimming tools and pro-
cesses for the bonnet tool head to ensure robust stabil-
ity of the TIF. Moreover, the potential use of polishing
media like non-Newtonian fluids in BP technology war-
rants exploration to achieve long-lasting wear resistance
of the polishing tools.

Further in-depth study of methods to improve the mate-
rial removal rate of MRF. MREF relies on lower fluid
shear stress for material removal, so its material removal
rate is lower than other sub-aperture polishing tech-
niques. Hence, it is essential to investigate the modula-
tion mechanism of mechanical, physical, and chemical
interactions at the surface interface of the magnetor-
heological polished workpiece to elucidate the material
removal mechanism of MRF. Furthermore, integrating
the multi-field-assisted polishing theory is imperative to
modify the polishing behavior mechanism while ensur-
ing the stability of the TIF, thus improving the material
removal rate comprehensively.
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5. Further in-depth study of MRF in MSF error suppression
methods. The existing evidence demonstrates that MRF
is proficient in effectively mitigating or rectifying the
residual IF error from prior processes. However, as MRF
is commonly employed as the final polishing process
for the component, its distinctive D-shaped TIF in the
grating and helix paths after iteration tends to introduce
a narrower spatial band of IF error residuals. Therefore,
there is a need to investigate the mechanism underlying
the IF error in the MRF process, and its progression
to enhance the existing IF error dwell time algorithm,
processing path planning strategy, and control process.

6. The currently available MR fluid in the market exhibits
significantly inferior performance compared to QED’s
production, yet an optimal magnetorheological TIF
necessitates a high-performance MR fluid as its foun-
dation. Hence, there is a need to prepare and optimize
MR fluid with low zero-field viscosity and superior
anti-settling and rheological properties to enhance the
comprehensive performance of MRF.

7. More extensive industrial production attempts have been
carried out. Within the realm of CCOS, STP, IBF, and FIP
are prevalent. The joint promotion of efficient and rapid
material removal in BP with the high-precision figuring
in MRF should be encouraged to broaden and enhance the
cost-effectiveness of engineering applications.
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