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Machining Error Correction Based on Predicted Machining Error
Caused by Elastic Deflection of Tool System

Isamu NISHIDA and Keiichi SHIRASE

A machining error correction, which is based on the predicted machining error caused by elastic deflection of tool system,
is proposed. This method is based on an instantaneous force with static deflection feedback model which is classified to
consider the milling process representation. The uncut chip thickness, which is required to predict cutting force, is calculated
under the consideration of the elastic deflection of the tool system, which corresponds to tool and tool holder deflections
caused by cutting force. In our previous study, the uncut chip thickness is calculated from voxels removed by each minute
tool rotational angle, and the instantaneous cutting force in a minute time interval can be predicted. Furthermore, in our
previous study, the elastic deflection of the tool system caused by the predicted instantaneous cutting force can be calculated.
This study proposes the method to correct the tool position and posture according to the predicted horizontal displacement
and the rotational displacement derived from the elastic deflection of the tool system. In order to validate the effectiveness of
the proposed algorithm, the experimental milling operations were conducted. The experimental results showed that the
successful error corrections can be performed. The correction of the tool position and posture according to the predicted
elastic deflection of the tool system can achieve the improvement of machining accuracy and efficiency.

Key words: error correction, high accuracy, tool deflection, voxel model, end-milling operation, NC machining

. #%

BAE, SN TIZEBWTIL, I8 a—# 1 L A5dlH1E ¢
B4 5 NC Tieddp it Rp o< R LTEY, $EELRD
ERETR Z RIS R TINECE 5 Z £ b, < O
BUETHIA SR TWA. NC TIEERIZNC 7u 75 AL XiTh
ST 0 7T Mo Lo TR EhsE, ©F Y, NC T/
B NC 7127 ACHRENTWS THZE Y #EE T B
BLUOEMI > TINTE{TH 728, NC TR /T ATOINLE
OFRITREETH S, b ZREICHIE LT, @RI LA
BRICEBT L Z EBME LR TWD. YIHIIN T8
o) EEE AL, IR AR U OIEI Sl 2 itz ik
T HZEBREEE RS, TR AR 5 B A CEIEAHE
EOIERTTIN, “hETICE OUHIEFABRESH
T BTS2 b—va vOFED 12
BRI Se T b 5 . BREEEE T U T RSN
& BHIB O T & LA D) (B 22 OH O B 21T
5 ZENTE D, BRIUHIIET VL A9 O TRz, T
HGNH & WHIB O F i E ST 5 LERH DD, Ak &
A7 AT NCERETHZ & CTHUNANOIUALRL & &
T2 HERZNETEIRBESR TS . Zhbof
T, BEHF LI, WHE &R 7 LT CRET B 0EROEHE]
23 o b— & 99 BPER LT, TR AOIR LN A
BECHEBRYICERBLL, TH 1 AN 0% T L O ¢l
72, THByNaEiZ L Ot % nig e 4 58Hv 2 2 L—
HEFICMB LTS M EABIZEE ST, MUNEB LT
Mo NZEf s ithe COIHIER Lo FRT RIS "RE L R A HT L I

" RS PR S04ETH 3 A
Willeth i VH304E 9 A 20 H
*OE & B MERE RN E TR SR AT 1-1)

il

2 L—FEIGA LT, LEROMEETZICER 2N LRED
FRAFTRER IS 2 2 L—&Z EME LTS . 22T, &K
e G, LAROMEEROFRIFERICIE-SE, Mmoo T
BERHIET A FERIRET S, LEROWMEEBIZ L > TE
U B ARFH MO & BRI FMOENMIZHVWT, TEMf S X
UYSBARBIET 5 2 & C, TR ERT 5. S oTiHls
Tal—#EHH LR —Ax s FIANMTONTREZEE
TAHHRITMERICHEH L D, FNHIT T HROBMHEEFEIZ L
> TH L HACFEHROEN OHEZE L T\, AFETIE, T
BROAEH MR L O RO 2 EZE LT, TAMRE
TR, THESBLIEETHH088 L. RIS CRETHH
ROFYME A REET 5 7= DICUHIIN T8 217y, TEfLEE
FUMEBAEAEIE LI WG HEIET 256 O L Oz
FHEELT, MTRENEMTE D Z L 2 FHE LT

2. R RILETINERWRUNERES & URUNER S #REE
TOYHIAY 2 aL—a Y

GHRSBOY T 2 L—a BT, MERhLR 7 EAE
TN E TR ORISR A2 v 2 L— a VT D FENR
PBRINTEEM, RreLeFA b B1iosTkic?
WILHEHE 7 B /(Pixel) % 3 WITCIZHR Loy G iRko b 0T
HY, 3Pk E R B THHRL L, ke
FHTHZLENTED., Zhicky, SMRROMTIZENT
b, THEEIHOTERE R 7 e Lo TS 2 &0
TE, WALHBRHS THDL LW FENRH L. FEHIIRI &
NETNANT, fEROTHE | NN Oy it Z L ofight
Tidie<, B 2 1R L 2 I CABUNEfEh: = & Iofighr 217 9
ZETC, BrbEE KON fREE COIEIB R v I 2 b
=g UNAREERDF LY T a L= EHEL TS W,
AT 2 L—H T, [ 27T &9 R TR NaEEi D &

BB T $R5E/Journal of the Japan Society for Precision Engineering Vol.85 No.1, 2019 91



TEROBUEKICER T NITRED FABRICE DI IREME

DIATAT v 7ZBNT, B 200 T & SIS TRE TR,
I > THRUNERBERICHHE LT, MUNBRERZ LI TR

i & THEN A E RS0 BICFET 3R 7 A2 HELT,

THEHEAM EOTHRERE LTS, A2 L—4 T,
TRUN A OWPBN BRI B TTRE L R B2 Tl L, vk
WEES K O NS M o ARRE CEIHIER R D> 2 2 L—3 a ViR
fE& Bz, TEROWMEET % ZM LI alhE L 725,
A2 2 b—F T, Tt (RURAREX) hoUEhET
B9 5 BRI EIENE T 19019 ZRkE LTS, RSN
HEF VT, ot ko, THETRERNZN - T,
TR BRI AR LT, fElx OBEHR T & IHuNIEI 2T 5.
ZOWNIRI & O FMEEE LRSS E LAbET, TAIC
{ERT B8 hZ R 5. FrNIEIEA R BRI H S
W5 LEEL, YR AIZES AN TOMTE ZHoedlHl]
PRETELIL WA, FR BN O ERITER T S8 ok
MR dF, RIS dFy, BlEIESY dF 3B F O T
FEnsm,

dF, =[K,, + K h(0,z)ldz )
dF, =[K,, + K, h(0,2)ldz @)
dF, =[K,, + K, h(0,2)}dz ®)

7+

Fig.1 Workpiece representation by voxel model
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(b) Minute disk element of the cutting edge

Fig.2 Extraction of removal voxels in our new simulator
for each minute tool rotational angle analysis'"

Fig.3 Tool model of instantaneous rigid force model?
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Figd Geometric relationship between the removal voxels and the each axis
component /i, Ay, and /. of uncut chip thickness
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Fig.5 Tool Deflection calculated from the cutting force
of each minute disk element
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Fig.6 Elastic deflection model in translation and rotation direction
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Fig.7 Displacement derived from the elastic deflection of tool system
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Tool holder Tool holder

End mill End mill

Tool holder

: End mill
End mill

T Target surface
Target surface ag :

(a) Offset (b) Inclination
Fig.8 Correction of the displacement derived from the elastic deflection
of tool system

== 1. Calculation of cutting force F without deflection I
I

l 2. Caleulation of tool deflection from cutting force  F I

3. Calculation of offset and inclination
according to the deflection
1
4, Subtracting offset from the commanded tool center point
Doubling the x and y components of inclination and subtracting
from the component of the commanded tool axis vector
I
5. Calculation of uncut chip thickness according to the
modified tool position and posture without deflection

N++

N=>3

Loop
End

6. Acquisition of the modified
tool position and posture

Fig.9 Flowchart to calculate the tool position and posture according to the
predicted elastic deflection of tool system
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Table 1 Cutting condition and cutting force simulation condition

Machine tool NMV1500DCG
Workpiece Material C3604
Tool type Square end mill
Material HSS-Co
Cutting tool Helix angle 30°
Number of flutes 4
Diameter 6.0 mm
Cutting direction Up cut, Down cut
Cutting Axial depth of cut 5.0 mm
Sonditiags Radial depth of cut 2.0 mm
Spindle speed 2000 min”!
Feed rate 480 mm/min
Disk element thickness 0.050 mm
Minimum voxel size 0.050 mm

Table 2 Determined cutting coefficients

Ko 10.3 N/mm
Kie 965.2 N/mm
Cutting K. 10.3 N/mm
coefficients K 223.9 N/mm?
Kae 0.8 N/mm?
Kac 282.? N.lfﬂ]]'l'lz
Table 3 Determined spring constatnt and torsional rigidity
Spring constant Kj; 7587 Nfmm
Tool — Tool holder
Torsional rigidity Ry 5735 Nm/rad
Spring constant K, 26884 N/mm
Tool holder — Spindle
Torsional rigidity R, 79492 Nm/rad
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(b) Measured and estimated machined surface profile (Correction ON)
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—— :Measured(Correction ON)
——— :Target surface
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(d) Correction displacement of Y axis direction according to the predicted
elastic deflection
Fig.10 Machining error reduction after predicted error comrection
{Up cut milling)

(b) Measured and estimated machined surface profile (Correction ON)
——— :Measured(Correction OFF)
—— :Measured(Correction ON)
——— :Target surface
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(d) Correction displacement of Y axis direction according to the predicted
elastic deflection
Fig.11 Machining error reduction after predicted emor comection
(Down cut milling)
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3D Coordi mMeasuring Voxel simulation

(a) Measured and estimated machined surface profile

—— :Measured
- :Target surface

Axial depth mm

Radial depth mm

(b)  Measured machining error of cross section
Fig.12 Machining error of bottom machined surface (Up cut milling)

3D Coordinate measuring machine Voxel simulation

(a)  Measured and estimated machined surface profile
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(b)  Measured machining error of cross section
Fig.13 Machining error of bottom machined surface (Down cut milling)

OEBIRIZH > THERBRETCETHWEZ L Bbh 5.
FiRIC, N IcF By bTNLLERSOREERT.
B 1)z TAME R LUESHEEE L2WESG TOEINT
HMOBRE T 2 b—2a rCPRILEMTEORR %L
BLTRT. B INOIETEMRS L OEBEAEE LSS
TOEMLTHOHBIRE I 2 b—3a TR LAEMITE
OFRZ B L TRt £z, B 1els, &Lk
EwIE R ORI ER RIZ>VWT, TAMBR I CERLEEL
ROEALEETAEA L EELTRT. 512, KF 11(d)
NI HEIC R E < B8 RIF4 Y fiiFmo TAEMFEOHIE
MERFELTRET. F90 Dy PTMLLESRATY, A
RTRELEFBICI o TMLTHEERSGEEZRLTNWEZ L
Bhhd, ZRTIRERIZ X - THE L T Eo
REBROFEREZTR LIEZE 1) T, TEALfE XS
EEE LRWES T, MLEZENRK 250 um REFEL
TWEoIH LT, TAMBBLOCRAREETLIHAT
MR R 100 pmBE L R-TWHZ EMbND
Y il 7 oo TR oM EROFRE52R LzZF 11(d) TiE,
THOAORE XU SOBEMNZRETH TROEK
WIZHE > THERBAHTETWAHZ LWbhb.

UEOEBRERME, RAWETCRET I HEICL-TT
HAOWMEERICERT AN T#EE2 SRR+ 5 =
EMRTRETH A ENbholi, AZx 7 FINN
TCHTHZEMSELZLICL > TTHEANTHEH A
THILTLEY, MIREREAL TS, TAEKEANTOY]
HHZ X AMTRREZEIAT v 7Hhy MBLUEI13(F U
Hy MWFRT. Ty 7hy bOFFIZBNT, LEESS
EE LG T, ZRaeBRERIC L 2 ERRTIE
R T 40 pym OBEPRELCTHABZ EDDbhE. ¥Ial
—vaUERTH, A2 LESG0 uamDEENET T
WAZ ENbhnd., Fi, Forhy hOFEMfizBNT, T
BB A ETE L2 HE T, IERSE TR T 60 um @
MEBELTHDLZ B8NS, YIalb—al#HFRT
b, R7EA HESG0 pm)DBERE LTS Z & dtbh
5. kXS, RZ =T FIAMIIZEBWTHE, T
HIEANOEHNC L2 M TEENRELCLHH, TREROBME
T X BN TR E D ARGE T K 500 um BRETH L DT
LT, SOumBEELPEWVWZ b, AETRELS
B LA MTEEOHEIAEHTHE LN VES,

UlkozZEhb, KFETRELETAEROEELEEO
FHFERICE S TEMRB L OEBOEEIZL-T, M1
THEZ KB TES Z LR TE .

6. #a

AT, RI7EAEFVCELAEHIS I 2L —a %
PR L TRROBEHELEEO Y I o L—a Ly ERANWT, Fil
L= THROERRICIE S, TRAEME AR L. £
7z, MIEBRTEOFEEREEL T, LLFIRTZ ERH B,
Eipore.

(1) TEFROWMEEROTFHRERIZEE ST, TRAER L%
BAEEET D Z EI2 X - T, FEBEOM i O TERE %KM
TE5.

Q) AZxF7xy FIAMLIBWTE, TRESREETTLD
LizkoT, THEEFNTOUEINAE U= 2N TRERE T
B0, FORGEITRROERRL D /hE

PLEDZ dnb, ABFFECHE LIz HEIC L AN TR0
HASTHD. AU CHE LIZFEDL, =2 FIamTizisn
TN RERT S5 2 LA EREN LASERT 572004
Ay —mMohtbobEZ NS, 5%, iAo
RO TIZIBNT, AFEC L5 @R EN TAES RN E S
OBGEE D 5 TIETh S,

Bl i

AWFFEO 1% ISPS B4 SLIEHF9E(B) JP17HO3158, =
R HHTREUS S (MAST), SRR AEIHREGWE, TRk
HARFM OB 25 0 TfThivE L=, YIHIIN T34
L S W T~y =7 21X MTIRF L5 anE
L. ZZiBEERLEST.

2 & X M

1) LTlusty et al.: Dynamics of Cutting Forces in End Milling, CIRP Annals,
24,1 (1975) 21.

2)  D.Mongomery et al.: Mechanism of cutting force and surface generation in
dynamic milling, J. of Eng. for industry, 113,2 (1991) 21.

3)  Y.Altintas et al.: A General Mechanics and Dynamics Model for Helical
End Mills, CIRP Annals, 45, 1 (1996) 59.

i

96 BT ZRiE/Journal of the Japan Society for Precision Engineering Vol.85 No.1, 2019



4

5)

6)

7
8)
9

10)

1)

K.Shirase et al.: Cutting force and dimensional surface error generation in
peripheral milling with variable pitch helical end mills, Int. J of Machine
Tools and Manufacture, 36, 5 (1996) 567.

A E— f RyereTrERlVWied r—Fyr~vi= Iy
T = L—& ORFE, HiELERE, 74, 12 (2008) 1308.

B A fh: #EEIBOFR s BT AR Vv FI UL
DY 2 2 a2 b—ira » ORI ORI R IES < EIEHTE,
Hies T 24433k, 82,5 (2016) 467.

Al fth: Voxel 2HUTIES < SRR TEIHI S 2 2 L—a
O NBBAFFIILELTE, 79, 5 (2013) 467.

SRR 1 Voxel EBUEDEHSMNT Y T = L— & ~DIEH, FiE
ek, 55, 1(1989) 105,

Balasuabramaniam M. et al.: Generating 5-axis NC roughing paths directly
from a tessellated representation, Computer-Aided Design, 32, 4 (2000) 261.
Hauth S. et al.: Extended linked voxel structure for point-to-mesh distance
computation and its application to NC collision detection, Computer-Aided
Design, 41, 12 (2009) 896.

PEHBE il A7 BAETAERNERIY L 2 b—3a BT
SN ZS X O N AERIAET O RS, B Al 84,
2,(2018) 175.

TEROBUEXICER T DN TRED FANSRICE DN IREMLE

12)

13)

14)

15)
16)

17

18)

19)

WEHE ft: TERROMEEREEE LR ELrETicls=
Y RIMNTY S = b—ira b, Wi T80k, 84, 6,(2018) 572.
RETEA il TR 2 = L—F R LA —x > FIAINT
O kT LAEORS - 5 1 #, MTTRTH AT A0, H
AKEWCA IR CHR, 71, 712, (2005) 3622.

K .Shirase et al.: Cutting force and dimensional surface error generation in
peripheral milling with variable pitch helical end mills, Int. J. Machine Tools
Manufacturing, 36, 5 (1996) 567.5

D. Mongomery et al: Mechanism of cutting force and surface generation in
dynamic milling, Joumal of Engineering for Industry, 113, 2 (1991) 160.

Y. Altintas et al: A General Mechanics and Dynamics Model for
Helical End Mills, CIRP Annals, 45, 1 (1996) 59.

EEA e Ty —F v =Y alb—2E Nz NC
70 ST AOFHEEAEE, B AT CH(C #), 66, 648 (2000)
2871.

A Matsubara et al.: Evaluation of dynamic stiffness of machine tool spindle
by non-contact excitation tests, CIRP Annals, 64, 1 (2015) 365.

i 50R A BSEHE P B A0S & 2 OGN, A
AR iR SCUYC ), 55, 511 (1989) 787.

BB T HR5E/Journal of the Japan Society for Precision Engineering Vol85 No.1, 2019 97



