Journal of the Korean Institute of Industrial Engineers

Vol. 49, No. 4, pp. 354-368, August 2023.
ISSN 1225-0988 | EISSN 2234-6457

fm Check for updates

https://doi.org/10.7232/JKIIE.2023.49.4.354
© 2023 KIIE

A A &3} A Y S Z8sl
CNC AAgA MA Y F2 9 SR A AL

A Case Study of CNC Machining Process Improvement and
Quality Prediction Model Development Using Design of
Experiments and Machine Learning

Hyejin T Hojin Seo' - Yeoung-II Kim’

Yoon-Hyeon Jeong4

- Su-Jin Kim®

+ Gun-Myung Lee’ - Sang-Hyeon Kim*

- Jai-Hyun Byun'

1Department of Industrial and Systems Engineering, Gyeongsang National University

2Bigdata Convergence and Open Sharing System, Gyeongsang National University

3Depar‘[ment of Mechanical Engineering, Gyeongsang National University

4Ilkwangme‘[al

This paper presents a case study of systematically obtaining feature data and applying machine learning methods
for a small CNC machining company that cannot obtain big data using sensors. In order to obtain the feature
data, an experiment is planned and conducted using the 2-level 4-factor fractional factorial design with four
machining process variables, and then 1) the outer diameter dimensional data is obtained using an automatic
measurement tool and 2) appearance defects are visually inspected. An improved process conditions are
determined to enhance productivity, to reduce tool wear, and to prevent defects. By analyzing the dimensional
data and the number of non-defective/defective items obtained through observation, quality prediction models
are also developed. This paper is expected to be used as a reference for small and medium-sized enterprises to

improve the manufacturing processes in the future.
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Figure 3. Turning Center
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Table 1. Factors and Levels
Factors | Low Level | High Level |Current Level| Unit
Vr 200 250 200 rpm
Fr 0.20 0.26 0.25 m/min
Vf 180 250 180 rpm
Ff 0.15 0.20 020 m/min Figure 5. Flank Wear of Finishing Tool
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Figure 4. Design Space
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Table 3. Averages and Standard Deviations of the Outer Diameters from the Design Points
#1-1 #1-2 #1-3
No Vr Fr Vf Ff Standard Standard Standard
Averages . Averages . Averages .
Deviations Deviations Deviations
{ ) ) ) ) 25.9128 0.0101 25.9138 0.0100 25.9140 0.0113
25.9146 0.0116 259174 0.0130 25.9145 0.0115
) . ) ) . 25.9049 0.0104 25.9060 0.0106 25.9064 0.0103
25.9248 0.0091 25.9140 0.0097 25.9155 0.0108
; ) . ) . 25.9150 0.0114 259175 0.0118 259185 0.0126
259161 0.0113 259133 0.0100 25.9144 0.0091
4 N N ) ) 259134 0.0123 259147 0.0110 25.9133 0.0117
25.9126 0.0107 25.9150 0.0113 25.9139 0.0111
5 ) ) . . 25.9097 0.0117 25.9109 0.0116 25.9109 0.0119
25.9036 0.0113 25.9072 0.0125 25.9038 0.0118
6 . ) . ) 25.9147 0.0100 25.9152 0.0090 25.9164 0.0094
25.9029 0.0088 25.9046 0.0102 25.9016 0.0093
7 ) . . ) 259181 0.0080 25.9182 0.0083 25.9180 0.0086
259135 0.0099 259119 0.0090 259131 0.0094
g . . . . 25.9262 0.0106 25.9255 0.0113 25.9249 0.0113
259161 0.0082 25.9167 0.0092 25.9168 0.0098
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Table 4. Flank Wear of Tool, Number of Defects, and Defectives from the Design Points

# of Flank Wear of Tool # of Defects .
i Defectives
No Vr Fr Vf Ff Machined . L Outer
Roughing Finishing Burr ) (%)
Items Diameter
1 - - - - 374 0.275 0.097 1 0 0.267
2 + - - 392 0.204 0.110 1 0 0.255
3 - - 390 0.228 0.120 1 0 0.256
4 + - - 380 0.202 0.096 0 0 0.000
5 - - + + 387 0.176 0.110 1 9 2.584
6 + - + - 379 0.236 0.110 3 0 0.792
7 - + - 362 0.203 0.105 1 0 0.276
8 + + + 396 0.214 0.127 0 0 0.000
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£ 47 24004 o wa £ 245 47 249 244
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o5 I e dopith, A7 27004 B AL EVY7} 20094
oo M W W l 25002 S7hste] B5E 7hg AR A A AL RV 7} 180
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Figure 7. Defectives from the Design Points o} A (5)oll YeERATE & 2 M AL 7]E 279
B3] G2k ol A1 20%, 8 AFE3 A ol A 28% 4 F 7tk
11 250 — 200
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020 1 = 1 =550 =0.20 4)
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o 11 250-180
180 250 250180 _ 250—180
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Figure 8. Flank Wear of Tool from the Design Points BN, B3] 17, 8 3709 o) Heko] HAYshe] Bk o]
Table 5. Performance Results from the Optimal Design Points
No # of Machined Standard Deviations of the # of Defects Flank Wear of Tool
Items Outer Diameters Burr | Outer Diameter | Roughing Finishing
#1-1 0.0106
First Rep. 198 #1-2 0.0113 0 0 0.184 0.120
Opt #1-3 0.0113
Pt #1-1 0.0082
Second Rep. 198 #1-2 0.0092 0 0 0.244 0.133
#1-3 0.0098
First Conformation Al 0.0096
Ex 189 #1-2 0.0104 0 0 0.192 0.132
p- #13 0.0107
Second Conformation Al 0.0084
Ex 192 #1-2 0.0087 0 0 0.192 0.112
P- #13 0.0086
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Table 6. Comparison of the Current and Optimal Conditions

Cond. Vi Fr Vi Ff Standard Deviations of Machining Time Defective Expected
the Outer Diameters Reduction Quality Loss
#1-1 0.0097
Current 200 0.25 180 0.20 #1-2 0.0099 0.4% 367
#1-3 0.0097
#1-1 0.0091 .
Optimal | 250 | 026 | 250 | 0.20 #1-2 0.0098 l;:)nf;f: jg;/: 0.0% 206
#1-3 0.0099
04%<%0dl, A 2ho e F T FF 5 FFolgtA & A Yehdle gelel, Jagtel 1, Hoigte] 1990t <A
FEZ 0%t YA, 74 Wol dulete AFY EAA7E S BA F(Off value)y & A8 T AGA7E LZA B FA ¢
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of 5i}o] 4 9] Sklearn, Numpy, Pandas, Matplotlib 52| 2ho] B8
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£33, 7 4ol Uik 93 A B o B E 3ostA]
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4.1 do]g 74

AYEe A3y, 74 AgzAdA 73 ARE shte 7
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Table 7. Feature Data

No Data Definition

1 Vr Roughing Speed

2 Fr Roughing Feed Rate

3 \%3 Finishing Speed

4 Ff Finishing Feed Rate

5 Number Part Number

6 Off value Offset Compensation Value
7 Off count Serial Part Number after Offset

Table 8. Label Data

No Data Definition Note

ODI 1 Outer #1-1 Specificati

. pecification:
1 OD1 2 D t #1-2
= rameter [25.880, 25.950]

ODI1 3 Measurement #1-3

5 OK/NG Ol?ter Diameter Defect: 0,
Defectiveness Judgment | Non-Defect: 1
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Table 9. Average Performance Indices of the Three Outer Diameters Prediction Models

Linear Regression Random Forest Regression Support Vector Regression
MSE MAE MSE MAE MSE MAE
#1-1 0.00014 0.00918 0.00011 0.00795 0.00031 0.01463
Dglri::er #1-2 0.00013 0.00881 0.00010 0.00772 0.00014 0.00948
#1-3 0.00013 0.00090 0.00010 0.00788 0.00015 0.00987
MSE MAE
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LR: Linear Regression, RF: Random Forest Regression, SVR: Support Vector Regression
Figure 9. Performance Comparisons of the Three Algorithms for Outer Diameter #1-1
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Figure 10. Performance Comparisons of the Three Algorithms for Outer Diameter #1-2
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Figure 11. Performance Comparisons of the Three Algorithms for Outer Diameter #1-3
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Table 10. Average Performance Indices of the Three Outer
Diameters Defectiveness Judgment Prediction Models

CAMNFH NS F

Logistic Random Support Vector
Regression Forest Machine
Accuracy 0.8896 0.9796 0.9959
F1 Score 0.9411 0.9896 0.9979
Specificity 0.8899 0.8846 0.7784
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Logistic R: Logistic Regression, RF: Random Forest, SVM: Support Vector Machine
Figure 12. Box Plots of Defectiveness Judgment Accuracy for
Three Prediction Models
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Figure 13. Box Plots of Defectiveness Judgment F1 Score for
Three Prediction Models
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Figure 14. Box Plots of Defectiveness Judgment Specificity for
Three Prediction Models
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Table 11. Outer Diameter Defect Generating Conditions

» Additional Conditions
Common Conditions
Number Off value Off count
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A% 2151 f f
Off count: | 10 ~ 21 11t -0.015 ~ -0.006
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Figure 15. Outer Diameter #1-1 Time Series Data of Two Replications from the Same Design Point
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