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Voxel Based End-Milling Simulation Considering Elastic Deflection of Tool System

Isamu NISHIDA, Ryuma OKUMURA, Ryuta SATO and Keiichi SHIRASE

In order to improve machining efficiency, it is required to recognize machining status and optimize cutting conditions. This
study develops a newly cutting simulator for end-milling operation, which considers the elastic deflection of tool system.
This simulator is based on an instantaneous rigid force model. The uncut chip thickness, which is required to estimate 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. The newly developed end-milling simulator represents work material by voxel
model and calculates the uncut chip thickness from the removed voxels, which are penetrated by tool cutting edges. 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 estimated. Therefore, this study proposes a method to consider
the elastic deflection of the tool system caused by the estimated instantaneous cutting force. This study considers the elastic
deflection of the tool system, which consists of the tool deflection, the displacement between the tool and the tool holder
parallel to the tool axis, the displacement between the tool holder and the spindle parallel to the spindle axis, and the rotational
displacement at the tool holding part. The actual uncut chip thickness affected by the elastic deflection of the tool system has
to be calculated to estimate the actual cutting force for each minute time. In order to validate the effectiveness of the proposed
algorithm, the experimental 3-axis milling operations were conducted. It was confirmed that the predicted cross-sectional

shape of the machined surface had good agreement with the measured one.
Keywords: cutting process simulation, voxel model, tool deflection, end-milling operation, NC machining
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(b) Minute disk element of the cutting edge

Fig2 Extraction of removal voxels in our new simulator
for each minute tool rotational angle analysis'?
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Fig.5 Tool Deflection calculated from the cutting force
of each minute disk element
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Fig.7 Elastic deflection model in rotation direction

| 1. Calculation of cutting force F without deflection |
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| 2. Calculation of deflection 4 from cutting force Fp |
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4. Calculation of deflection 4" from the cutting force F* |
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Fig.8 Iteration calculation to determine the 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
; Axial depth of cut 5.0 mm
co(i::lti[tlinog}ls Radial depth of cut 2.0 mm
Spindle speed 2000 min™!
Feed rate 480 mm/min
Disk element thickness 0.025 mm
Minimum voxel size 0.050 mm

Table 2 Determined cutting coefficients

K. 10.3 N/mm

K 965.2 N/mm

Cutting K. 10.3 N/mm
coefficients K, 223.9 N/mm?
Kae 282.7 N/mm?
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3

g :Measuring point

Fig.9 Load displacement test to determine spring constant and torsional rigidity
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Fig.10 Experimental result of relationship between the load and the
displacement on the load displacement test
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Table 3 Determined spring constatnt and torsional rigidity

T— Spring constant Kj; 7587 N/mm c H # B
Torsional rigidity Ry 5735 Nm/rad AHFFEO—EBIL ISPS AW 7EF FARHITE(B) JP17HO3158, =
A, £, = P 4] 2 =
oot | | R Le. ALK L1 5 M <T
Torsional rigidity R, 79492 Nm/rad b 5 S =
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BEENRFELE. ZZIMELELET.

2 & X M

1)  JLTlusty 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.

4)  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.

5 W B iR R v B AT A Y00

(a) Measured and estimated machined surface profile (35 14D , RAHE2MRIUEC), 69, 688 (2003) 3396,

5 . 6 A E— i RZEAEFAERNEY y—F v Ty

I = L— X OE, W, 74, 12 (2008) 1308,
0.5 0.5 7 B/ A i #HIHOR 2 LT RvEy FIAMI
1 DY 2 2 L—3 3 > LEIHIAOFRIRE RIS GEISHE,
i'5 Higs 1574235, 82, 5 (2016) 467.
2 8)  ARE fh: Voxel REUZIL-S ZHHIEIM TN I 2 L—a
> ORFHHEFILELTFE, 79, 5 (2013) 467.
g FEBRRESE i Voxel RBUEDBMINT L T o L—& ~DIGH, FitE
3 A3, 55,1 (1989) 105.

3.5 10) Balasuabramaniam M. et al.: Generating 5-axis NC roughing paths directly
from a tessellated representation, Computer-Aided Design, 32, 4 (2000) 261.

11) Hauth S, et al.: Extended linked voxel structure for point-to-mesh distance
computation and its application to NC collision detection, Computer-Aided

5 5 Design, 41, 12 (2009) 896.

-0.8-06-04-02 0 02 -08-06-04-02 0 02 12) WEEE fi: B EATFAERNEIS S 2 L—a ok

Machining error mm Machining error mm DU INRERIS K UMM RIART O R EMER TR, R T, 84,
Cross section (a) Cross section (b) 2(2018) 175,

B —— Measured 13) Gl f TAZBEZEELERSY y FORI= FIAD

S el G T, R Tk, 63,2 (1997) 269.

14) )RR fh: A—nxl FIAOT-biERTA2MIEEDT
HCE 1 @), 2008 FEORE LS FERSFIRNITS M SUE,
(2008) 93.

15) PEJIFERY fh: A—nx i FI MO TR bAiicEET5M
TRGETH, 2013 RECHIE DA R RS P HTMEIS MIERR SCE,
(2013) 457,

16) Shirase K. 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.

17) RREEA i Ty —F A= r Y ab—2E v NC

5 T ST AOFHEIEE, BABRZESIRICINC #8), 66, 648 (2000)
-0.8-06-04-02 0 02 2871.
Machining error mm 18) A.Matsubara et al.: Evaluation of dynamic stiffness of machine tool spindle
_ Cross section (¢) _ by non-contact excitation tests, CIRP Annals, 64, 1 (2015) 365.
(b) Measured and estimated cross-sectional shape of machined surface 19)  flisssn fh: BEARELE B = K I A0S L 2 OG-, B

PN '
Fig11 Comparing between the measured and the estimated resuk AR 2ERSIC 1), 55, 511 (1989) 787,

Axial depth
w o £
B h WL R LA =
Axial depth mm
L
w
©

P
LA
.
in

0.5

Axial depth mm
4 h: i =
o b W R e

+

BRI HR:E/Journal of the Japan Society for Precision Engineering Vol.84, No.6, 2018 577



