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Fig.1 Schematic diagram of removing function positioning error
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Fig.2 (a) The original surface error of the optical element; (b) The surface error obtained after the removal function processing; (c) The surface error
obtained after the removal function was deflected 1° along the X-axis; (d) The surface error obtained after the removal function was deflected 2°
along the X-axis; (e) The surface error obtained after the removal function was deflected 1° along the Y-axis; (f) The surface error obtained after

the removal function was deflected 2° along the Y-axis
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Fig.3 Removal function of MRF finishing
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Fig.4 Process of (a) magnetorheological finishing and (b) surface shape

detection

£ 1 BKREEHA BASH
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Fig.5 (a) Initial surface error and (b) initial mid-spatial error of #4
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Fig.6 (a) Surface error and (b) mid-spatial error after simulation

processing of #4
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Fig.7 Actual machining surface of #4. (a) After the first magnetorheological finishing; (b) After the second magnetorheological finishing; (c) After the
smooth processing; (d) After the third magnetorheological finishing; (e) After the fourth magnetorheological finishing; (f) Mid-spatial error after

the fourth magnetorheological finishing
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Fig.8 Process flow chart under uncertainty error
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Fig.10 (a) Surface error and (b) mid-spatial error after simulation

processing of #B
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Fig.11 Actual machining surface of #B. (a) After the first magnetorheological finishing; (b) After the second magnetorheological finishing; (c) After the

first smooth processing; (d) After the third magnetorheological finishing; (e) After the second smooth processing; (f) After the fourth

magnetorheological finishing; (g) After the fifth magnetorheological finishing; (h) Mid-spatial error after the fifth magnetorheological finishing
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Fig.12 Actual machining mid-spatial error of #B. (a) Mid-spatial error in

Fig.11(d); (b) Mid-spatial error in Fig.11(e)

A AR g BB 4 T LIRSS SERE A I TARER, & =
T5ERL, IR BIANHAE BE N TR RS

TEANH 8 BEIR 25 N AT T #B WL A8 N T 12058
5, DTS 50 TG B S5 R AR L, TR R 2 RMS {H
M 15.4327 nm ¥ A1) 19.317 nm, fiIE1R2E RMS {H 1
N 5 15 25 5 ) AE 3.8843 nm; iR 25 RMS i M
10.262 nm 34 /i1 ] 13.282 nm, 45 i% 2% RMS {E 1Y A~
W2 TR 2245 I 7E 3.02 nm. SEERZE HER W, T ANH
E BE R 227, MR R 2215 8] T A 0ok, (W)
A R R 2245 21 T G BRG], o RE AR n T A e
8 T TV 152 25 DA B v a5 2 g 0 il 4 At 1 B S
T VRN TS B A B 2R ST R A i T A
BRI ME .

4 45

SCHR X AL 0 T AR A AR E R B R AT T )
e, I BRI T T 25 B BRECA B 5 BE DR 22 5 (0 B AN

FERER2E, EE TN B DR 25 T RETAE I T T 280
o FEMILRE L, NN R 2E T Rl
A7, o W B AR BRI AT T SR R SE S . X AR BRI
H#A W A8 N T B P i R 22 0EAT T VR 404,
DA 5 #  A8 n TAEBK T A 08 B, DT 48 = IE
BRIE#B M T, W SCEsuE 1 AR 4B 1Y B
R TRERT R o TEAHA G BE 20 B By BE il B4 T T
SRR, W A N TR T Uik, 1Rk E
T T 15 25 WS SHA [] s ST T v i3 22 R 4l o

S % 3k

[1] Harris D C. History of magnetorheological finishing [C]/
Proceedings of SPIE, 2011, 8016(4): 561-566.

[2] Ghosh G, Sidpapa A, Bandyopadhyay P P. Experimental and
theoretical investigation into surface roughness and residual
stress in magnetorheological finishing of OFHC copper [J].
Journal of Materials Processing Technology, 2021, 288(1):
116899.

[3] Cheng R, Li L, Xue D, et al. Accurately predicting the tool
influence function to achieve high-precision magnetorheological
finishing using robots [J]. Opt Express, 2023, 31(21): 34917-
34936.

[4] Chen S, Cai T. Investigations on process parameters of cluster
magnetorheological polishing in a planet motion model [J].
The International Journal of Advanced Manufacturing
Technology, 2023, 128(11): 5477-5490.

[S] Dai Yifan, Shi Feng, Peng Xiaogiang, et al. Deterministic
figuring in optical machining by magnetorheological finishing
[J]. Acta Optica Sinica, 2010, 30(1): 198-205. (in Chinese)

[6] Xiao Xiaolan, Yan Qiusheng, Pan Jisheng, et al. A review on
ultra-precision compound polishing technology of
magnetorheological [J]. Journal of Guangdong University of
Technology, 2016, 33(6): 28-33. (in Chinese)

[77 Zhang P, Dong Y, Choi H J, et al. Reciprocating
magnetorheological polishing method for borosilicate glass
surface smoothness [J]. Journal of Industrial and Engineering
Chemistry, 2020, 84: 243-251.

[8] Xiao Qiang, Wang Jiaqi, Jin Longping. Research progress of key
technology and process of magnetorheological finishing [J].
Materials Reports, 2022, 36(7): 65-74. (in Chinese)

[91 Li X, Li Q, Ye Z, et al. Surface roughness tuning at sub-

nanometer level by considering the normal stress field in

magnetorheological finishing [J]. Micromachines, 2021, 12(8):

202305958


https://doi.org/10.1364/OE.498458
https://doi.org/10.3788/AOS20103001.0198
https://doi.org/10.1016/j.jiec.2020.01.004
https://doi.org/10.1016/j.jiec.2020.01.004
https://doi.org/10.3390/mi12080997

s Gk A2

%34 www.irla.cn % 53 A
997. Changchun: Chinese Academy of Sciences (Changchun Institute

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

Yang Hang, Chen Ying, Huang Wen, et al. Trajectory
optimization method of variable pitch spiral matrix for
intermediate  frequency

Engineering, 2022, 51(3): 20210443. (in Chinese)

error [J]. Infrared and Laser
Li Longxiang, Deng Weijie, Zhang Binzhi, et al. Dwell time

algorithm  for large aperture optical element in
magnetorheological finishing [J]. Acta Optica Sinica, 2014,
34(5): 0522001. (in Chinese)

Khatri N, Xavier M J, Mishra V, et al. Experimental and
simulation study of nanometric surface roughness generated
during
Materialtoday: Proceedings, 2018, 5(2): 6391-6400.

Yu B, GuY, Lin J, et al. Surface polishing of CoCrMo alloy by

Magnetorheological ~ finishing of silicon [J].

magnetorheological polishing [J]. Surface and Coatings
Technology, 2023, 475: 130162.

Wang B, Tie G, Shi F, et al. Research on the influence of the
non-stationary effect of the magnetorheological finishing
removal function on mid-frequency errors of optical component
surfaces [J]. Opt Express, 2023, 31(21): 35016-35031.

Yang Chao, Zhang Naiwen, Bai Yang. High-efficiency and
high-quality combined polishing method of zinc selenide crystal
[J]. Infrared and Laser Engineering, 2022, 51(9): 20220531.
(in Chinese)

Song Ci. Study on the key techniques of magnetorheological
finishing for off-axis aspheric optical elements[D]. Changsha:
National University of Defense Technology, 2012: 15-18. (in
Chinese)

Li Longxiang. Study on the

key techniques of

magnetorheological finishing for large aspheric optics[D].

[19]

[20]

(21]

[22]

(23]

[24]

of Optics, Fine Mechanics and Physics), 2016: 14-29. (in
Chinese)

Yang F, Sun Y, Wang Y, et al. Modeling and experimental
verification of surface roughness for grinding monocrystalline
silicon lens[J]. Advanced Theory and Simulations, 2022, 5(7):
2100422.

Tian Y, Qiao S, Guo S, et al. Combined polishing process of a
sapphire aspherical component based on temperature-controlled
magnetorheological processing [J]. Applied Optics, 2023, 62(3):
805-812.

Jia Yang. Algorithm and strategy of the suppression of the mid-
spatial error in the magnetorheological finishing[D]. Mianyang:
China Academy of Engineering Physics, 2016: 45-56. (in
Chinese)

Yang Hang. Study on algorithm and experiment in aspherical
magnetorheological finishing[D]. Mianyang: China Academy of
Engineering Physics, 2016: 49-63. (in Chinese)

Du Hang. Research on key technology of high efficiency and
high precision manufacturing of space large scale SiC aspheric
mirrors[D].  Changsha: National University of Defense
Technology, 2018: 70-87. (in Chinese)

Maloney C, Lormeau J, Dumas P, et al. Improving low, mid and
high-spatial frequency errors on advanced aspherical and
freeform optics with MRF [C]/Proceedings of SPIE, 2016,
10009: 100090R.

Maloney C, Oswald E S, Dumas P, et al. Fine figure correction

and other applications using novel MRF fluid designed for ultra-

low roughness [C]//Proceedings of SPIE, 2015, 9633: 96330G.

Uncertainty error technology for magnetorheological finishing of

optical elements
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Abstract:
Objective

As a new optical machining technology, magnetorheological finishing has many advantages, such as

high machining certainty, stable convergence efficiency, controllable edge effect, small subsurface damage layer,
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so it has a wide range of applications in the field of high-precision optical machining. According to the principle
of magnetorheological finishing, high-precision machining process requires stable removal function and accurate
dwell time distribution of each dwell point. However, the actual machining process is often affected by various
kinds of errors, which makes the actual machining results deviate from the ideal results. In the field of high-
precision machining, small errors will also have a great impact on the surface accuracy and the errors of each
frequency band, and even lead to the non-convergence of the surface errors. With its continuous development,
aspherical optics have the advantages of correcting aberrations, improving image quality and reducing system
weight, so it has been widely used. However, the surface of aspherical optical components is complicated, and the
manufacturing process is more difficult than that of spherical optical components. In the existing research, the
machining of aspherical optical elements by magnetorheological finishing is realized through the cyclic process of
inspection and machining, but there are problems such as the uncertainty of surface accuracy and the

uncontrollable mid-spatial error.

Methods The processing method based on uncertainty error can increase the certainty of the processing process,
optimize the process flow, and effectively suppress the mid-spatial error. Therefore, in order to realize the high-
precision machining of optical elements, the uncertainty error method is adopted, and the ideal surface accuracy
can be obtained in the actual machining process. The feasibility of the scheme is verified by simulation

processing, experimental verification and error compensation on the aspherical surface.

Results and Discussions The magnetorheological finishing experiment of #B is carried out under uncertainty
error. According to the experimental results, the surface error RMS value increases from 15.432 7 nm (Fig.10(a))
to 19.317 nm (Fig.11(g)), and the uncertainty error of surface error RMS value is controlled at 3.884 3 nm after
machining compared with the predicted result before machining. The mid-spatial error RMS value increases from
10.262 nm (Fig.10(b)) to 13.282 nm (Fig.11(h)), and the uncertainty error of the mid-spatial error RMS value is
controlled at 3.02 nm. The experimental results show that the method based on uncertainty error not only
effectively converges the surface error, but also reasonably restrains the mid-spatial error. It provides theoretical
support for surface error and mid-spatial error suppression in magnetorheological finishing. This method has

important practical value for realizing high-precision magnetorheological machining of optical components.

Conclusions The uncertainty theory in magnetorheological finishing is analyzed, and the removal function
uncertainty error and position uncertainty error are specifically analyzed, and the process flow of
magnetorheological finishing under the uncertainty error is summarized. On this basis, two off-axis aspheric
mirrors are used to verify the process. The errors in the magnetorheological finishing of off-axis aspherical
surface #4 are analyzed in detail to determine the uncertainty in the machining of off-axis aspherical surface #B5,
so as to guide the machining of off-axis aspherical surface #B. The experimental results show that the surface
accuracy and mid-spatial error of the off-axis aspherical surface #8 meet the engineering requirements. On the
basis of uncertainty analysis, the process flow is optimized, and the surface error convergence is achieved and the

mid-spatial error is suppressed by means of uncertainty.
Key words: optical manufacturing;  surface error;  magnetorheological finishing; ~ mid-spatial error
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