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out mechanica grinding. With the development of science and technology, magnetic particle grinding technology is constantly
applied to the processing of products in the such fields as high-precision machinery, instrumentation and aerospace, where the
requirements for the machining accuracy and surface quality of workpieces are becoming more and more stringent. The surface
quality of the workpiece, especially the grinding uniformity, is an important indicator to evaluate the quality of processing, and
the uniformity of the grinding trajectory is directly related to the selection of the processing path. Thus far, in the planar
magnetic particle grinding process, most of the traditional linear reciprocating processing path, this processing method exists in
such issues as the workpiece surface can not be uniform grinding, grinding track repetitive, part of the grinding stripes easy to
deepen. In response to these problems, the Hilbert curve is proposed as the grinding path, which is different from the traditional
linear reciprocating type of planar magnetic particle grinding.

This paper aims to optimize the geometrical features of the Hilbert fractal curve and compare the magnitude of magnetic
induction at the end face of the toroidal pole with different length-to-diameter ratios to find the suitable pole size, and modify
the geometrical features to improve the uneven distribution of the trajectory caused by the direct adoption of the Hilbert fractal
curve. Under the same conditions, single grain grinding trajectories were simulated using ADAMS aong the conventional linear
reciprocating path, the Hilbert curve and the modified Hilbert curve, and the workpiece grid was divided to count the coordinate
points of the grinding trajectories. The coefficient of dispersion is 0.407, with an improvement of approximately 43.2%
compared to the conventional reciprocating type and approximately 10.7% compared to the Hilbert curve path. Secondly, most
conventional planar magnetic particle grinding is carried out with cylindrical axial poles, but the cylindrical poles have an "edge
effect”, the magnetic induction is higher at the edges and weaker in the center, resulting in an uneven distribution of magnetic
particles. In order to improve the surface quality and eliminate the "edge effect” and the difference in linear velocity when the
pole rotates, an axially magnetized circular permanent magnet with an outer diameter of 20 mm and awall thickness of 2 mmis
selected to machine the workpiece. Furthermore, in order to examine the effect of different L/D ratios on the magnetic induction
of the toroidal pole, four types of toroidal pole models with L/D ratiosof 1:4,1:2,3:4and 1: 1 were established using
Maxwell software, and the three-dimensional static magnetic field simulations were carried out in a row. In addition, the
optimum length-to-diameter ratio was chosen for the grinding to ensure a certain degree of uniform material removal, and it was
verified that the annular pole with alength-to-diameter ratio of 3 : 4 had a maximum magnetic induction of approximately 300 mT.

When a $20 mmx$16 mmx15 mm axially magnetized permanent magnet pole was selected and the SUS304 stainless steel
flat plate (100 mmx100 mmx3 mm) was ground along a modified Hilbert curve as the grinding path, the surface roughness of
the nine inspection points in different areas of the workpiece surface was reduced at nearly the same rate with a gentle reduction
curve compared to the conventional linear reciprocating path. What's more, the processing texture and defects of the original
surface were basically removed, the surface shape after grinding was uniform and flat, and the grinding trajectory was complex
and diverse yet relatively evenly distributed, ensuring uniformity in the amount of material removed from the surface as well as
better surface quality uniformity.

KEY WORDS: magnetic abrasive finishing; granding trajectory; Hilbert fractal curve; trgjectory uniformity; smulation of
magnetic field; surface appearance

FIAT, BEERHARoR AR, RERIHT S SR B
JO7FH T AR LA L A e SR AT 25 K S5 0 11

TR s 1) A PR A, R T
AT AT R 3 v RLRSE T

F RN I

Fﬂunﬁﬂji X LA A B NG JRE 0 2% 1T o )
LSRR R AR R R, R
o, RPN TR S i 2R A,
SIPE AR I 1) 501 3 B R BB R, BF B B
AR AP SN T AR R F A 3 EAR SRR A
ELEAE S V- T RGN T H AR AP AE I AN E 2] |
FERE 2 BR AN — B AR ()R T4 58 Y T ROk AT I
SR AN B T R B — T i) (Y LR 2R iz B, IXRR N

X 375 SOV k4% 4 114 1 2k 1 52 ORI ) A 38
eI AR, HEST T x—y BRSBTS A A
UG, IR T REMNHESE, BIET x—y Bl
S T AIF S Tk A A, R X AR A 48 A 4 £
PERE B $ H ER B A v . AR IR 25
I TERERY 1A i SR T T N g 1z sy AR Ak <R
Kikil)” BRIz shBal, JFEfT T SEsRmrgT, SRR,
AR T BIF B 00 508 F14 347 2 M 5 A2 5 118 S T G L AT %



- 410 - E TR NN

2022 4 8 A

A TR T: o ARG AUE XN T HF I A2 64T T 44
PRt , RFATIRA A, 5% 50 7 vk —
FE, AFAE NN T3 A PR A R] A

BEXT R )8, X TA% GE ) A 2 =X - T
RERLOFES . SCrh R Hilbert 2R T 0B BE 2 361 7
T EHEERH Hilbert 5378 M 424 70075 25 1 Wit
BRI AT AT, X Hilbert 5098 th £ kA7 JLAT 45
TERYEIE , 38 1K Hilbert BF B 1% 42 5 & 1F J5 19 Hilbert
WS AR AT X i, s - RRABAR R, 8 T4
LR 4R 5 mmx5 mm §/NAS  SR T ERELC,
KRB IE IS Hilbert £k BB EE BT 201

1 Hilbert Btk

1.1 Hilbert g%

Hilbert i et — s MR M 4k . B e — Ik
TIIAESY A A /NIETTIE , MONZE R F R IETT T
DRl RAEZE EAIETTIE O, A I B
BT LR, BETRA TAEIE R0, Il
— B XX 4 A/ INETT AN Wit &) o o BN
AN/NETTIE, —HRA, FIHP O GRS, &
L] LIS B — 25 T UFGE RN E DT IR R £R , X
J2 Hilbert 5pJE £ | HRBGSIRMNE 1 HTR .

Pl 1 Hilbert 2k & it
Fig.1 Hilbert curve generation process:. a) first order Hilbert curve;
b) second order Hilbert curve; c) third order Hilbert curve

1.2 Hilbert B £ JLAAT4FAEL AL

FHAE S A RS S 300 1 2 DA SR i T A
NS REAT R ol i3 shill BE R ] BEYS 505 WS T A
(32 Bl IO ik K A 0 T i 5 WP T AR TR
AT PR S S0 30 17 3 A7 X595 5 RS 300300 7 3 G k- b
I S A G 5 S L Az By ) O AE B )
o Ar . S2br b, —Bril Hilbert 43JE f 26 A8 n] A
T b 38 A5 AT, — AR R A A e R

PSR BUR LA Hilbert dZRHEITHRES , 4E
T AR 1 7 A B BE A A 7 25 AN AT SR R, A
Bl 2 i, 7EJEAH Hilbert ki 4 MRfakt, ™
BRI RS 0 S0 A 55 4 X B 32 X PN T i A 2
BRI SAEXTIR, it BEWTES , T7E Hilbert
girpa) X ek, HOBFEE B A AR, 1% X A R 2
B 2/, o8 2 B TR m AR 2B A S
WIS . mt, SCRXHELRE) Hilbert gkt
JUATE RS , Dhak RIS 75 0] 2728 H AT ES H030 345)
YA E R, MRS 35 5] (1 Z2h it .

PR JE LG Hilbert (i1 28 A0 AFF B8 #1305 A RE SE L T4
FWEHAIET, FTUFER LG Hilbert ik iy SLath
Xof H LA ERAE ST T B IE o K AT 8 0L 28 4 X 3 o)
PEBB BN X3, DASGE RS B ) 40 A . T
Hilbert £ N8I 25 (B AR, 78 FaRSEah I, 2R
( ZBr Hilbert fiZk BBy ) A T —A~ P MY
JU A4k, 58 3 %F Hilbert fZR ) JUTERAE HEATIB 1F
DL BSCSE AR S LA 1) 50T o

K2 5 Hilbert il Z& B HL
Fig.2 Original Hilbert curve grinding trajectory

WA 3 fin, fE—Kr Hilbert ik 4k D-D,
TANIEER—DHT AL Drp, HZK DD ZEMIIE U — N80
M Daz, FZE DDy FBGES— A H1 a5 Das, XHFERE
XF 45 F AL BB AT T Ao, S it 4 R i T
A B0 1 5

i B ) A& R Hilbert il £ R4 7 AF S B0 5 B
WK A FT7R. HIE 4T LI, A0S 50 2% 45 A A
DX 35 (R BILTIE A AT AN 35 46 ) 34 A oy o3

BARXTIELS Hilbert #iZib T 70120 ootk , XX}
W EE a4 5 Ve o A A 5 BRI VE L, (BAE Hilbert



F51% 8l

TRAEMS, 5. FET Hilbert [ 2k mhRLAT B 78 24 50 1 SR AT 5T - 411 -

HR ] X AP AEAE B s b X, aniEl 4 s, ke,
a2 X Hilbert Mkt —L A0, DI Gl AT B 5
W] Hilbert fZ& Py 2E 2, BEARESanE 5 Fis.
TEVIAE B Hilbert fiZR 0 3L ml X Hos f 28 58 401k
7T, EHL P—Qu A MR — A8 Py, %
2k P—Qu NUMEIR —HT 8 Py, HEHEZ P-Qs /2

Kl 3 Hilbert i1 £y 45 gioitt
Fig.3 Hilbert curve preliminary improvement

&1 5 Hilbert {1 i s 2kt
Fig.5 Hilbert curve eventual improvement

2 FTHEHPNHEEARFEE

2.1 HANTHERIE

- 1A ASE AT R Shee — Fof R P % 3 SR 2R AT LAY S
AREROIN TR, # TF (SUS304) B Farfiiisth,
TERE G o BT R B AL o RGN PR AE G 37 O A T %o
TR AR R T, REE—E BRI 4 T AR
X RESAAFAEAR XT38 B, PRIk 23 Xk T iy A=
BB Y G R AN 7 PR, RGP R
A BRBEAR B A B AL | A 36 T T R HE AT, TR I8 T
T R R A R N RV INZ e R 8
Feo B TAFE SR S F 6 L, SE sl et
B, LIRS T AR ATz sh

GG — B 25 Pago

MK 6 s, Zeadit—L B Hilbert 2t
FERIE , 7E T AR 8 AU 2 T WFES 5L &2 44 4k Fn
VB 5[] 2278 R i R, T LR I 1) A B A R
AR Hilbert HHZE, 386 T IS T4 2% 1o IRk i B 1) 2%
TR A a2 ) s B

B 4 P15k Hilbert il 2t HLak
Fig.4 Initial improved Hilbert curve
grinding trajectory

K6 &kt i Hilbert i 28 AF s ik
Fig.6 Ultimate improved Hilbert curve
grinding trajectory

K7 RERLAIE S
Fig.7 Schematic diagram of magnetic
particle grinding principle



- 412 - E TR NN

2022 4 8 A

2.2 HERREITIEEI SR

FERUBAIT B L B vh T R T AR 3450 2B 0
PEM IS I TR ) S5 . ARl Preston HLARHIT I i
AP BHECERERL BB BR R TR L (1),

M =K, pvt D

K MAMELRRE; K, WEBRREG p i
WFEE R 3 5 v R BIF B~ AH 0 T 3 1 328 2k
t S B A ]

FERGE R, RGBSR R IE B Rk HLA
—ENIEE, A LAAE AN R S i R v 4 5 Tk
T DI 32 Ak S B TR ) p SRESIRIE B AT ]
Bl oA K. TERGENTREE B, WHEMEIEE S . HFEK T
(PR A2 FIRIF S ik b 2 i I, ARG 25 e i 32 B Bk
TR ARG TN T T 2 S v R
&) to

T e B 1) 3 B0 355 AR 6 T T F B e §G 3z s A
HEERIEF), AR S A 8 s, Hor v R4
Xof 0 TSR E BRI HE L5 T, o SR I Bl Y R
FE, ry EITERER B AR, ro EITE R A AP 242
T 5 M %) LA P R AR S i 20 1) 32 B R B R o,
BAASEERL ) S B v R v 5 R R o,
MR, DL (2) FEXES I Trp, WFEs TR
W o JEF K, TTLLERNR 40 b T FRXRUL,
PR ERIE v B F /N, B TR cor, 48 KT E 25 R
Ve, WL v i DL ZRCOANTE . I, B vror,,
RPFE AR [FIEERI P, 52 0 e 2 B o 1 e R B2 A IR R 2
5] J& L or, o

V=V, +or, @)

&8 BAAREMRL T (A XTZ Bl 4By
Fig.8 Relative motion analysis of single magnetic particle
2.3 AEKEZL#IGEE S

o R R 5% B E R R AT R n TP e 2 SRR
X (3) nlAL, BFES o p 5 T X el 2% o

B AIE b, BRIV JER N i B R, R 3 %o Rk ) 24 R A
R Rz, YRVERNE/ N PSR, i
TR B SR sF R O A7 R % T P e S e 2 52 B
O FT B, SR R e P o 2 8 A 1 T B
FECKRBEREER T ARES 5B BN T o fea]
D, 3 B LA 55 R 0 7 e ) e e 2 5 R
IS 1 — A~ R A4 o
B2 1

P 21N (1 /Im\J ©

Krf: B WREERNI R ; N OMREPEE R B
Lo WEASTETEE S, FREVEEE R R X 5 38

1% 45 V- 1T R R BIF S K 22 SR R (680 il 1 i W 20 1 7
N, AR B A AR S 2R, B 2 A 1)
JRR R FEE A, R DX P R e B R, Sk
PR B A A AN ] o A T B R T, TH BRI
PR 300 5 500 R R W e 2 2 i 1 22 50200 e
HNEAEN 20 mm. BEJEL K 2 mm (5% ) 7 R Y FRIE Ak
BERRR NN T T4, B I3 R (%) R B8 0 58 i B 5 H:
KRB VIS, 0 T K5 A R AR G PR fil W
JEGN o BE A S, AP Ansoft Maxwell 4k 24 7 K 4%
l1l:4.1:2.3:4F1: 15 4RI RS,
FEQGEI, PREFMEREN RS AR (20 mm) F1EEJE
(2mm) A5, HIE BRI LRI 5. 10, 15,
20 mm FFLEB N, JFI T = dE SR AT B niE
9 i, XTERERENIE Oy 1 mm &% kA7 {5 &
A3 AT, TIN5 R 5 R A X el 3 AR PR BRI WA Y
1E LTy, WS AR A 38 5] o i e R
BRIRTHL, KARR 3+ 4 PR R i T AL 11A) o JR o i 38
B, UL BH R i TR R R A R A, S A
RUAH IO mEE T, maNy R EE TN, HE 9e AT
HI, R RN 1) R I8 N 5 JBE i 2k X FR A, IR
e ) JR I 5 B AN B 2 4 A B g 488 RO A8 R, T
FEAEREA G FUE, A I AU, R I 5 5 Bl 2
W KAEHA 30 4 BRI AR 48 T 1] () R JR%
o7 50 B H A AR FE R e RGN R, 58] 300 mT 22
fr, HEEM OB, ki, ERKER N 3:4
(PRI B HEA TF S, i TR AE B 3l i T v e
U AR B T R 3 DX 38, 338 i R W %o e o o SR
R, B THEEBCE,

2.4 ADAMS THEREH T 5

7E ADAMS Hi it sy iz sl A AL, ZRnHLA
BB SR, g5 TP SE L Hilbert 2K AT B AL,
BCE AU Y2 S 2K CUn iy B E] | 258 e s L
HAHES ), T ESHANER 1R i B RS,
PG JH ) — R AR MR IC A, ek HAE s
S AR AT R BIE , BIK R AR T 3% i
REVEIE R DR B . HRT, T S Rl 20 07 X
BEA R IR AR AR AR AL bR RS 55, P A AR




F51% 8l TRAEMS, 5. FET Hilbert [ 2k mhRLAT B 78 24 50 1 SR AT 5T - 413 -

B9 AR AR L e niy i B it
Fig.9 Magnetic induction intensity curves with different aspect ratio: a) aspect ratio of annular magnetic polesis1 : 4; b) aspect
ratio of annular magnetic polesis 1 : 2; c) aspect ratio of annular magnetic polesis 3 : 4; d) aspect ratio of annular magnetic
polesis1 : 1; €) comparison of magnetic induction intensity curves with different aspect ratio
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Tab.1 Simulation Parameters
Simulation Parameters Parameter

The magnetic rotation speed/(r-min?) 1000
Number of meshes 144
Feed speed/(mm-s %) 2
Step size 0.01
Simulation time/s 150

K10 AR S s K
Fig.10 Schematic diagram of workpiece meshing
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distribution; b) Hilbert curve trajectory point distribution; c) preliminary
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d) finally improve the trajectory point distribution of Hilbert curve
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Tab.1 Experimental condition

Item Parameter

Workpiece SUS304 stainless steel plate
100 mmx100 mmx3 mm

Magnetic pole Ndfe35 ¢20 mmx¢16 mmx
15 mm

Magnetic abrasive particles Fe/Al,03 150 um

Machining gap 2mm

Magnetic pole rotation speed 1 000 r/min

Feed speed 2 mm/s

Grinding fluid Qil abrasive fluid 10 mL
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Fig.14 Variation diagram of surface roughness drop: a) linear reciprocation;
b) ultimate improved Hilbert
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Fig.15 Comparison of workpiece surface microtopography with different lapping paths:
a) original appearance; b) linear reciprocating grinding; c) grind along modified Hilbert curve
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