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Displacement Error Estimation of a High-Precision Large-Surface Micro-Grooving

Machine Based on Experimental Design Method and Finite Element Analysis

Hee-Bum Lee*, Won-Jae Lee', Seok-11 Kim'™

Abstract

In this study, to minimize trial and error in the design and manufacturing processes of a high-precision large-surface
micro-grooving machine which is able to fabricate the molds for 42 inch LCD light guide panels, the effects of the structural
deformation of the micro-grooving machine according to the positions of the X-axis, Y-axis and Z-axis feed systems were
examined on the tool tip displacement errors associated with the machining accuracy. The virtual prototype (finite element
model) of the micro-grooving machine was constructed to include the joint stiffnesses of the hydrostatic bearings, hydrostatic
guideways and linear motors, and then the tool tip displacement errors were measured from the virtual prototype. Especially,
to establish the prediction model of the tool tip displacement errors, which was constructed using the positions of the X-axis,
Y-axis and Z-axis feed systems as independent variables, the response surface method based on the central composite design
was introduced. The reliability of the prediction model was verified by the fact that the tool tip displacement errors obtained
from the prediction model coincided well those measured from the virtual prototype. And the causes of the tool tip

displacement errors were identified through the analysis of interactions between the positions of the X-axis, Y-axis and
Z-axis feed systems.
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Fig. 1 High-precision large-surface micro-grooving machine
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Table 1 Specifications of the grooving machine

Guideway Hydrostatic guideway
Xoaxis Motor | Coreless linear motor with 900mm stroke
Feedback Laser scale with 10mm resolution
Feedrate Max. 18m/min
Guideway Hydrostatic guideway
Voaxis Motor |Coreless linear motor with 1,320mm stroke
Feedback Laser scale with 10nm resolution
Feedrate Max. 9m/min
Guideway Hydrostatic guideway
Z-axis Motor | Coreless linear motor with 116mm stroke
Feedback Laser scale with 10nm resolution
Feedrate Max. 3m/min
Guideway Hydrostatic bearing
Beaxis Motor Brushless DC servo motor
Feedback Encoder with +0.0001° resolution
Feedrate 10rpm
Guideway Hydrostatic bearing
Coaxis Motor Brushless DC servo motor
Feedback Encoder with +0.001° resolution
Feedrate 300rpm
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Fig. 3 Structure of the Y-axis and C-axis feed systems
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Fig. 4 Structure of the Z-axis feed system
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Fig. 7 Major structural modules of the virtual prototype

Table 2 Stiffnesses of hydrostatic guideways and bearings

. Normal guideway 2,528MN/m
X-axis feed system -
Lateral guideway 1,264MN/m
. Normal guideway 5,350MN/m
Y-axis feed system -
Lateral guideway 2,675MN/m
. Normal guideway 3,165MN/m
Z-axis feed system -
Lateral guideway 1,165MN/m
. Thrust bearing 896MN/m
B-axis feed system -
Journal bearing 498MN/m
. Thrust bearing 3,540MN/m
C-axis feed system -
Journal bearing 1,770MN/m

Table 3 Material properties for the virtual prototype

Material Density Elasticity | Poisson's ratio
FC300 7,300kg/m’ 90.0GPa 025
$S400 7,870kg/m’ 205.0GPa 0.26
$45C 7,860kg/m’ 205.8GPa 028

SCM440 7,300kg/m’ 205.8GPa 0.30
SUS304 8,000kg/m’ 197.0GPa 0.29

Cu 8,930kg/m’ 205.8GPa 0.34
Fe-Si 7,700kg/m’ 21.3GPa 0.30
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Table 4 Levels of independent variables
. Levels
Factor Sign P N 5 ] 5
X-axis position (mm) | X | -450 | -225 | 0 [+225]+450
Y-axis position (mm) | Y | -660 | -330 | 0O |+330|+660
Z-axis position (mm) | Z 581 291 0 +29 | +58
Table 5 Structural analysis conditions
No. X (mm) Y (mm) Z (mm)

1 +225 +330 -29

2 +225 -330 +29

3 0 0 0

4 -225 +330 +29

5 -225 -330 +29

6 -225 -330 -29

7 +225 +330 -29

8 +225 +330 +29

9 +225 -330 +29

10 +450 0 0

11 0 0 +58

12 0 -660 0

13 0 0 -58

14 0 +660 0

15 -450 0 0
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Fig. 8 Structural deformation of the virtual prototype

Table 6 Measured and predicted tool tip displacement errors

Measured displacement error | Predicted displacement error
No (um) (um)

O | 0% | 8 | Stwa | % | O | O | &

Total

1] 2.279(90.625|-120.800|151.032 2.170 (89.087|-122.306|151.327

-0.861 |78.977|-116.897|141.078]-0.242(77.303|-118.810|141.745

0.635(82.312(-123.107/147.945| 0.831 |82.800|-123.000| 148 275

1.73278.769|-115.890/140.136| 1.648 {77.321|-118.014141.098

1.788(79.250/-116.930|141.267| 1.708 |77.581|-118.744|141.852

2.362(91.216{-121.903{152.271| 2.242 |89.447|-123.084(152.169

-1.350 [90.947|-120.313(150.826|-0.760(89.401|-121.921|151.188

-0.771 (78.511)-115.900/139.991|-0.142(77.067|-118.142|141.056

=2 e <R I I B N Y N - B VS B B \S ]

-1.441 191.503|-121.340|151.981|-0.848/89.737|-122.638(151.966

10]-0.935 (82.394/-120.697(146.141|-1.909(83.942|-119.832|146.320

11| 1.382169.173(-114.210(133.532| 1.903 |70.640|-112.821|133.125

12} 0.71182.536|-123.120|148.227| 0.461 [84.031(-122.680(148.700

13| 1.233193.212|-121.093|152.819| 1.009 {94.840|-120.941(153.696

14| 0.745(82.389|-122.310(147.473| 0.489 183.711{-121.232{147.326

15| 2.50282.360|-120.800|146.226|2.971 (83.906]-120.152]146.579
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to the positions of the Z-axis and X-axis feed systems
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