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Simulation and Modeling of Milling Forces for
Ball - end Milling Cutter Based on BP Neural Network

Zhang Chen

Zhou Rurong Zhuang Haijun

Zhou Laishui

Nanjing University of Aeronautics and Astronautics, Nanjing, 210016

Abstract : The theory and the algorithm of BP neural network were applied in the research of the
modeling of milling forces of ball - end cutter. First, the neural network model was established for
predicting milling forces by using the LM algorithm considering the effective factors of milling forces,
and then the established neural network model was trained more times by choosing a large amount of
experimental data of milling forces. Finally, the trained neural network model was used to simulate
the milling forces. Results of simulation on milling forces show that the milling force model using the
BP neural network method can predict milling forces exactly.

Key words :milling force ;BP neural network ;simulation ;ball - end milling cutter
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#ARN, BAFExR, BEXH
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m B FRT -HATHRARBIRSBOFUEVAFAGEN, SHT TERFNLATR. RAK
HO BT EERAREREN T, RAZRE. AHRRE. BRLE. RRVRSHEIAERNSX
BHAR, TATRILMNH=HLH HSHEE. HQREBREE ARYLFEHRE, RA Zernike ZHHK. W
SR =RRTRBE X ARG TR, Sl T HHENHERARENH TR (RMS) M4, B 57 A
(110 SER) MHF=WIEFHRNR, RA SPSS St K NEBIH £ ERMRELN RMS ZEUBMEHTHA
LR, EFRYE (P >0.05), HFREVEQBUMNBEORIVESF, EREWN.

XA : BEMEE EOA KRB Sk BIBRE K/
PHES%ES:RTT8 XRERB: A

1 51 §

{82 (aberration) FEETITA ¥ RS, AREB—FHRENKNERS, EREFERSE. JIBR
ERXWY B R RE, fBYELE—SEMMBAM N A EARAR—IESHRK, ME—PRENE
B, HERRENFRGIT TR, WESE. e ARSIV FARRHTARENSREREDNRHBAR
B, ARAERENTFESH, 2 FARRERESATYRAISUBRSESRBRESERE
BE.

EAEREE B FR M RK . PRK fil LASIK g2 N, BRBMSFIES BN ELART 20/20,
(HRHET RAERE. EERABHHIERE. HWCABETARSIMR BT G2 ey #RE 1~ .
X T HERIEARME KR TR FE R ABLRBEAERES S0 AR BB N ELTIE FREHFEA
BRE, —BAFKBHETQREERTR T HATH2{L (aberrometer) M{REHE (aberroscope) . HAET, X
HREN () BRETHRRBEEHEAR (ray tracing)” , WEBHA 6] | S SHITEBENBER O UK
FIAZES BN OEY @A 19 | fim.  Alcon AF A9 LADARWave ., Bausch & Lomb 2A#]#4
Zyoptix , Nidek ZAF]#J OPD-Scan . Visx A &]# WaveScan 1 WaveLight 2\ &) #J Allegretto %,

AR E WA B RS (WFA1000) B FMAAMERSRGBERA T, XEEFHER =ML
FBEEY He JC BBMAR MBS FRY, ERANR He JCH iy 025 (H] 4 BT SHU B LB EH 5.

2 TieR#E

WFA1000 ARR{RE(CH EMAW RN, RBEBIASBRIBIARERMBYRERRE, ZHE
HTERAFERAMBSBEEESAOLE, X 37 M- ANBRANKKBZ CNE, EARBRADT L
KB ARREMNIE. X 37 MNBEKEAMY, EARTH. TEREME 1R, ME 37 AAHA
WA R, HRBAMAUIER, A Zernike BIPET AT B HBEBREBNHIUR 35 TRSIKAD. €
ATAPREN B ARG ER RRN R BN LTER, L Zemike ZHARBEA T M RBHH HTRE
(RMS), BERETM S HAELM, T, B0t A, RE IEANTMRENSHARRE. FASH
FRAHNBHEURBR2N _SEAN=RE. RAKLEN. EMAEITRENERKCECRET
KRR RITHRE, JLGET BN REPEWF 16, SN RERRFFEL T IRRSE A BRITE R
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REMRBILE L, it HVEH 4S8 YIRS BB A 5
BRI RE—RADEE, XBt, R ANRAE L X —%E
RFEAANR. BT E2RBEERIR SRS, ARKE BT REHY
FEEHAR RN R e BB R FLZ AR E SR MR TE L. F e
DL B & B 5 — B WA, BUBT A BRI AR AR N By AR AL
BB REAARMERTER. EARERRE, HLRER
W, MM ERARD), BARFERILEA AR R B ERR
Z. HEARKEZNEH, RFREBHES—RECLE, BIXE h

WAL, MH, RS RESZRALHQERER. W, X Fig.1 Principle of subjective wavefront
MRE A hEHNEED, EXRERME. MEREMEFNHEN SUESinat
BEEICHBETR. FEXBRICKEY, —MADRFERREERMEFHRE, XHEENEBRNTRER
B PR EMAAFGE R P BRR LR, RE, BRETELBIBHERREERR
RURSEESENXAMFES, FEBFEF T2Y B aEH 3 EENCRAALE BT BRRERTICR
T, NTIEREERE. B, HRESIEHENXMIFRUBEFRRBRE LRIFMBRM AN
. RE, REXENEEBHMARERS, EdBEFHFETEN —SHEEREIHURSHH LR
EZR, PR ARKENEH.

3 EMABATREMNSGH
EMAM QBN ER AL RE. MILADRFRE. HHIRHREZBS AR,

-reference

. w31 kR

JFj;“@f* HAERERE —RILER. 4. K68, LED

AT o iR, HEALBRE. WA UK. +FHRI (B

fﬂ L mi® . MUESS L. STR CCD . CARE

O%Ei e | —me mEs AR REEDSBAR,

th sourey Fjwys HOERSEMA 2 BR. Rt Ry RGE PR

L3 e e BE—THA, TERMATEHN=NEEE, S5t
éE:;ég%Q7ﬁo SORM, FAT TR RITL L

L cep SEARET R W B RS, YR P 2(hRA

Fig.2 Schematic diagram of optical path control system f&a4k A EXMBERAR) i, HEXXEISA
M1~M12 are viewfinders; M3 is cold viewfinder; Li~L6 jRmf HILFEpIRERDEE, BEFDEES 37 M A&
- are lens; B is spectroscope; P1 is circle divisional g:g&ﬁpﬂlﬁm’ 3X 37 HAMATHFEE 1 mm 8y Tx7 58
structural place; P2is cross c-livisional structural plane; 73 (F%#E’?‘ﬁjzfﬂ 12 ,ﬁ), BB EEMILE L
P3 is visual acuity chart divisional structura plane WEXOBRAT 1 mm, ABBK Y 570 nm, £ ¥
B <500 cd/m?, HHERI R MAE 3 PR, EEFDCEERETHHENER &S L, BOERPRE SRR
a0y B E B NCHAR, SHE N MRTE P I R R B B — R AR A R E R T B AR R R e F T
AR F ABRAYHERE. '

B RIT KBNS R, B EMA 2 FiR, HEEEN
SRS BAR, ZBRFLAOMFRRT ARRE, %
BRRETS T EIEFI & L RIREERE, POt RE
BNBIERIXARES. R Rio R E S RE TR E
& ZATRANRAREIRZ AR KA.

LMY RE B Bk EE A 2 BrR, R EEEAR
HHE S BECINEE, HAI/RNRE, HAMFCEE 300 cd/m? | LR L FRHF.CHF 5 UK.
EETFHENSHMGE TR CCD, ROEFARRM CCD WEEHE SMAmLRE, EHEDRRE LE

Fig.3 Schematic diagram of diode array
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(& B B R REFL A EL OB S RIAR, AT A A TR AR 538 E R SR .

BOtR B RLCEA A RO REE AR, W B B R LR F IR TR, TR Bt
KRB N RETR, AT, EFRHMBRENRRT, RETEBSORE.

3.2 WA EHRRMRLE

ERBA RS, & TARTR—-MEER, BRREFEENW), FetARLHMEATESES, i
MAUBHERMBAER, WEERRFERBRRANERORENRL. b TREGHEERRS, Bit
BEAIREEARBANEE.

REATE AW OCR R, £BRR LA SR RRE.CESRRIR, HETTUEERR
—XFFOAENERE, RABME CCD(30 BT / B) EAMBIRRE, ElRLES, ERELESRA
Visual C++ 6.0 &) VFW FER¥, S @& CCD MARKRAFHITHMAMEAMMER, £RATO
TR OE L ANBIRES, FotARBE 0.0 (NBEEF0) FRS5EES L, FEdZRRRR
ik, ERBRENFANES - KB PEREINS —0IEQREENKER, HEKEEFE, RARX
FEREEN KEBRETEGS®, REEAMEALIDEEAR, HHAREL SO, @A E2Mas
HFEEL, ZEHHRAFOSHRGEETCZEANRBE, URMLINCEERK/De A, BISE
AN ORE, ERESHEFN, BhPHEN, JISURTEITHARTROB, 5SARERL
REFEE, NMERARBLNY =4 E3RE. HRBEME 4 frR, @ ESHREREENE 5 FiR.

cCco
real lime video showing
image processing

; bet:
image pre- | threshold( cdge | caleulation Fompatison vecioe
processing | image dd«linnl of pupl pupil m‘;:,m lculation|

X.Y. £ dircction movement of measuring
fat roof driven by stepping motors

dela X. Dehta Y, delta Z
automatic irack i3 |
EE?_J
=t
pupil cent:r coincides. witir reference conter
(2yrchrenication of messuring (st roof and pupil)

Fig4 Flow chart of automatic tracking Fig.5 Schematic diagram of automatic tracking

3.3 it RNSHRE

HAVNEHRZREZEEGITEN. £V, SHENARNBTEEAR. HPPREFIRERE_BE
HREBFERMMBRTFENNE. LT, E6FRAHB3HEH. R -RE N SIS HEL T
COM1 OEH, HAAFBRNECHBEHN KFTEMXA. QBN ET &8 =883 H 2R A EI COM2
O58 TR nEE, #TETRE. =20, EHENFRERBRENEERTE.
HELE B BT HINT, AN FER, B RA, BEER BE/), HER. HFEIERFESTE.
EEAFTEETHPELKGRE, HbhesyEn. PR yRA MCS-51 & 8031 £7, #i
BHl% 110BF003, R, HEMAN 0.75°, JABHEN 784 Nm, THEFRXN=ZMAHE, Aoy
N=5. M3pHEPGE—MNNHE, MBFE#%3) 0.0l mm.

4 WIELE

FREB(LABEI 37 A0 21 KAOME, SBINRA, MERTLA R, B RS 5H mE 3 FTR,
ORABEN 21 ], BFTLIELR 37 &M 21 KMHSIEHR. @B (EREYE 20~35 TR, 3t AR
i BTR 2R A A T A R gk (1

BFFOREATRER. ZEEARENQEZLERAT ERARARMUSIRHMAEEEE —#M
EfRt. AP REBEREMAERTHEITHEE A—KBIBI— S XERITSBRAF N ERED
B (OPL:optical path length) . IMRFHRIGKA OPL BRAEEH, NAFEAEIEE (OPD:Optical path
difference) . ZE—PMTERMKE RS, OPDHFTFO0. ME—TMTHRENNERS S, S4MARRE
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HR ST F oMM, RFERREN 2 TUAGR AN XHERRE L, MR
REE. &6 YRIMAPEM =4 0% eI ATREE.

o

.
D
s

e

(a) Two-dimensional wave-front aberration map (b) Two-dimensional wave-front aberration map
Fig.6 2D and 3D wave-front aberration maps

A—FEAR TR RATRES B Zernike RPOTART

W(z,y) =ao+zﬂk'zk(1,y), (1)
‘-
AN ao HTFHWE, ar X k I Zernike BHARY, Zi N k Il Zernike BIH .,
RFPEAMREREEBEWOCE, SEYFREMEE V2 TTHULTAZRINA:

L - y Lk,
w? = - S (Cnzn)® + = S (Cnzny® + i SiCnzn)? ¢

n=1 n=3 n=~
1 14 1 '5(3 1 27 1 35
. 2 . 2 2 2
= > (Cnzn)* + = > (Cnzn)* + - S (Cnzn)* + = 3" (Cnzn)?, 2
n=10 n=15 n=21 n=28

RH Cn & Zernike £¥, Zn BWEEAR, XAPLIREADPNRRE 1~7 IOMELM, Kb 1~2H
HER - HERRE, 3~7T MABWMRE. £ 1~7 HREMAHITR (RMS) EATRE SN

RMS =[S Cp?, 3)

HeF O ¥ Zernike RE, n HEBKBMIERS, m HFEARBIERS 0314
&AL B TR EENSORATRE, ANE=ROETREN

RMS; = /G5 +C7V +C)” + CF.

Zernike R A —IEXREUFY), HPHFLENREN (K E 2y
o) XTI EERTRET. ME—MHRR X RAHK § '%" ,
B, EHRR Y BBE, BE=FERR 0°(90°) HE LAE 3 gttt e g A S s o

¥, BUBRREE, SATRER 45° FEMAHE FLtAR :F
AXBEN=MEE FAHGRRY BHEN=NEE, £+
MRRZHRE, HAZTHBAL T ERAN L BRENHRE
Bl. B 7 RFRET 7B 35 Wi Zernike REL.

Bk EABRIEER I FEMT:

REWEHFFAN TERETH, HRSsEENRRUBERRAERRE LRGN ABE,
FERBRRABR S ERIL LR ERER, BRBREERIFNABR (Az, Ay) L5 ZEALNRE
W(x,y) RIEH.

Zeimit

Fig.T Zemike coeflicienis of an ove
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OW (z,y)/0z = Az/f,
oW (z,y)/0x = Ay/f,

He [y BEGRE. B (1) XM (4) X#R5 a, Z/FH (1) ATHE W(z,y) .

ANRRERE SHEmAEYCERE S 0.01D, HEEMMENE N 1°, FRTTREMEH 0.1 um, 7
WAL ER >4.5 mm . REECEYREEEE 15D | +15D, £ 0.00D~ +10.00D 75 E A e %
+0.25D, #3H{EAF 10.00D Bf 2% +0.50D . HEEYEMM BEAE R —6D F| +6D, HEMHAIRIE N B
BR 0° ~ 180°, EEEXEHAZEGREECEMRE, EEAMEMNAEN: SEEBXELE 0.25D~0.50D
Bt £10°; #E 0.50D~3.00D Bf +5° 7E >3.00D Bf ¥ +3° . ZRTREMBHEERZ —20 um F| +20 um,
0.00 pm~ £5.00 pum RAJFREY £0.50 pm, HEIHEKXT 5.00 pm B REH £1.00 um .

5 IWIREREG®R

FUBHRRRPER. XEGRBPFRTMSEMNRIRIETTFET. RMTE—EBR M T R
RFHATHFRARE. WERIRPEARBERYEEA 57 A 110 IR (FTAEH T EER) 2178
E T WFA1000 # 8%, SMEEVNVREFRRE=K, SXKRQAESFHNNI A. B, C4. S4A#THES
ME. GEMSEEL. MR, AR X ESRENERE. R, REETTUEY RIFAITH.

K SPSS Grit#k{4 (10.0 iR) M RIEFWEH =KL EM RMS2 RMS7 A K S2 S7 K (RA
(3) RitH) 89 RMS ZLGB R E AT H 4T, PR LEERME 1 FiR.

FREZEFHEITHRTF 005, REFWAZMEERE, EFEMERERT.

0. ASCETiRRy WFA1000 RAMRRBMENE, PR, wEAHEISERESE, RGN

B, BAEHE. ABA R E AR 20~35 W Zernike R, BMHENP] 01 nm . FBFAH T Zernike ¥
Table 1 The P values of wave-ront 2berrations’ RMS

(4)

Label P valves (1™ to 2™') P values (2" to 3") P values (1™ to 3™)
RMS2 0.65 0.16 0.31
RMS3 0.78 0.59 0.86
RMS4 0.90 0.1 0.43
RMS5 © 041 0.48 0.98
RMS6 0.13 0.21 0.61
RMS7 0.93 0.49 0.41
RMS2 ~ S7 0.64 0.16 0.55
RMS3 ~ S7 0.65 0.40 0.70
RMS4 ~ S7 0.59 0.31 0.66
RMS5 ~ S7 0.42 0.38 0.85
RMS6 ~ ST 0.45 0.41 0.62
RMST 0.93 0.49 0.41
Results >0.05 >0.05 >0.05

W, WEM=SRTREEMAHETE, AARKENTFREBHET RS BERIEHMBEE. B2 WKLY
., RAZQEQGNBEREF, HERTER.
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