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Predicting cutting forces in machine tools is essential to productivity improvement

Received 9 June 2016 and process control in the manufacturing field. Furthermore, milling machining is
Revised 1 August 2016 more complicated than turning machining. Therefore, several studies have been
Accepted 14 August 2016 conducted previously to simulate milling forces; this study aims to simulate the
cutting forces in milling machines using multi-layered neural networks. In the
Keywords: experiments, the number of layers in these networks was 3 and 4 and the number
Milling of neurons in the hidden layers was varied from 20 to 200. The root mean square
Neural IletW(?I'k errors of simulated cutting force components were obtained from taught and
Average cutting forces untaught data for the various neural networks. Results show that the error trends for
Simulation untaught data were non-uniform because of the complex nature of the cutting force
Teach signals components, which was caused by different cutting factors and nonlinear
characteristics coming into play. However, trends for taught data showed a very
good coincidence.
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Fig. 2 Measured cutting force in end milling experiment A
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Table 2 Simulation sample of 3 layered N.N(NH=50) where No.
of untaught data is 12

Table 1 Samples of average cutting forces No. Teach Signal | Output Signal Error (%)
Tool | Axial | . Radial Fx | Fy | Bx | By Fx Fy
radius | depth Sﬁ;ﬁe fmﬁﬁ depth (FI\’I‘) g) 001 | 294.2 | 409.4 | 294.2 | 409.4 | -7.199e-011 | 6.573¢-011
(mm) | (mm) (mm) 002 | 457.5 | 763.7 | 457.5 | 763.7 | 2.013e-012 | 6.345¢-011
8 20 600 85 2 2942 | 409.4 003 | 348.3 |1523.0| 348.3 |1523.0| 3.368¢-011 | 1.192¢-010
8 20 600 85 4 4575 | 763.7 004 | 117.4 |1897.0| 117.4 |1897.0| 8.735¢-011 | 1.592¢-010
8 20 600 85 8 3483 | 1523.
8 20 900 85 2 2603 | 323.8 060 | 204.7 | 1272.0| 204.7 | 1272.0| -1.763¢-010 | -3.502¢-011
8 20 900 85 4 3256 | 6115 061 | 404.1 | 797.2 | 404.1 | 797.2 | 7.303¢-011 | 7.309¢-010
8 20 900 85 6 3088 | 9414 062 | 210.1 | 218.9 | 210.1 | 218.9 | 3.712e-011 | 5.234e-010
8 20 900 120 2 288.5 | 300.0 063 | -127.4 | 1694.0| 46.2 |1549.9 | -1.362¢-+002 | -8.506e+000
8 20 900 120 6 3659 | 932.6 064 | 219.5 | 526.1 | 175.5 | 505.6 | -2.005¢-+001 | -3.897¢+000
8 12 900 85 4 1733 | 3065 065 | 2482 |2111.0| 318.0 |2221.0| 2.813¢+001 | 5.212¢+000
8 12 900 85 6 1417 | 5579 066 | 663.3 |2126.0| 647.5 | 2573.9 | -2.382e+000 | 2.107e+001
8 12 900 85 8 82.1 7782 067 | 238.1 | 636.3 | 298.2 | 687.0 | 2.522e+001 | 7.965e+000
10 12 600 85 2 168.3 199.1 068 | 1503 | 134.0 | 54.3 | 139.5 |-6.388¢+001 | 4.110e+000
10 12 600 85 6 367.6 | 943.6 069 | 165.8 |2413.0| 148.8 | 2818.5 | -1.027¢+001 | 1.680e+001
10 12 480 67 2 3938 | 2933 070 | 683.4 |2674.0| 617.0 | 2981.1 | 9.723¢+000 | 1.148¢+001
10 12 480 67 4 5574 | 38844 071 | 577.2 | 1584.0 | 554.6 | 1546.7 | -3.917e+000 | -2.353¢+000
10 20 480 85 2 4513 | 6372 072 | 5354 |1352.0| 543.5 |1222.2| 1.517e+000 | -9.603¢+000
10 20 480 85 4 654.6 | 1254. 073 | 376.9 | 539.3 | 473.3 | 635.6 | 2.558¢+001 | 1.786¢+001
10 20 480 85 6 7244 | 1943. 074 | 329.9 | 540.8 | 282.2 | 571.4 | -1.446e+001 | 5.661e+000
10 20 600 85 4 5982 | 1353. 0 -th  RMS of Percent error is  4.6149¢+001
10 20 600 85 8 542.9 2998. 1 -th RMS of Percent error is 1.1187e+001
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Table 3 Simulation error of forces (3 layers, NH=50)
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! Table 4 Simulation error of forces (3 layers, NH=100)
K 12 72.3 17.6
L 16 573 20.0 Case No. of untaught RMS. error (%) RMS. error (%)
data in Fx in Fy
M 4 18.7 11.7 A A . 195
N 8 17.4 19.5 : :
0 12 61.7 18.8 B 8 220 211
P 16 68.9 214 C 12 46.5 20.8
Q 4 15.6 114 D 16 47.8 26.3
R 8 57.6 19.2 E 4 7.1 15.0
S 12 46.1 112 F 43.0 12,5
T 16 85.0 15.1 G 12 422 14.8
Overall RMS error 55.3 19.1 H 16 73.8 22.9
1 4 5.1 13.8
1000 J 479 16.7
K 12 50.3 15.1
4 RMS error(%) of Fx, NH=50 *
B X RMS error(%) of Fy " L 16 68.1 25.7
o ¢ M 4 12.9 33.6
o
600 *
5 Y * N 28.5 14.6
2 : s ¥ 0 12 63.2 242
> 400 Py
= * % P 16 52.8 30.8
200 $ % :3 Q 4 14.0 23.0
% ,( X R 42.3 16.8
00 ‘ ‘ . ) S 12 59.6 17.3
o 4 8 12 16
No. of untaught data T 16 30.5 20.1
Fig. 3 RMS error of forces (3 layers, NH=50) Overall RMS error 49.3 21.6
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209 Table 5 Overall simulation error in 3 layers N.N.
PN s s s No. of neurons in RMS error (%) RMS error (%)
X RMS error(%) of Fy X " Hidden Layer in Fx in Fy
g:‘_’, - . 20 61.3 234
& . 30 46.3 20.4
n 4 o
S o ; 40 54.1 20
o X " 50 553 19.1
_— ry s *
% ¥ % *x 60 46.1 21.9
70 48.8 22.3
00 T T T 1
0 4 12 1 80 48.4 214
No. of untaught data
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Table 6 Simulation sample of 4 layered NNN(NH & NJ=20)

Table 7 Simulation error of forces (4 layers, NH=20, NJ=20)

where No. of untaught data is 12 o No. of untaught| RMS error RMS crror

No. Teach Signal | Output Signal Error (%) data (%) in Fx (%) in Fy

Fx Fy Fx Fy Fx Fy A 4 5.1 10.3
001 | 294.2 | 4094 | 294.2 | 409.4 | 1.932e-013 | 1.694e-012 B 8 17.6 11.4
002 | 457.5 | 763.7 | 457.5 | 763.7 |-4.473e-013 | -4.764e-013 C 12 30.1 19.9
003 | 348.3 | 1523.0 | 348.3 | 1523.0 | 2.938e-013 | -2.986e-014 D 16 354 17.3
004 | 117.4 | 1897.0 | 117.4 | 1897.0 | -2.905e-013 | -1.318e-013 E 4 12.6 7.7

F 27.0 24.1
060 | 204.7 | 1272.0 | 204.7 | 1272.0 | -5.554e-013 | -8.938e-014 G 12 472 19.5
061 | 404.1 | 7972 | 404.1 | 797.2 | 4.501e-013 | -2.139¢-013 H 16 40.3 133
062 | 210.1 | 2189 | 210.1 | 218.9 |-3.788e-013 | 7.790e-013 I 4 8.4 11.8
063 | -127.4 | 1694.0 | -40.9 | 1747.3 |-6.790e+001 | 3.146e+000 J 233 15.1
064 | 219.5 | 526.1 | 148.9 | 286.0 |-3.215e+001 |-4.563e+001 K 12 49.0 14.1
065 | 248.2 | 2111.0 | 377.1 | 2113.0 | 5.195e+001 | 9.178e-002 L 16 39.2 20.9
066 | 663.3 | 2126.0 | 648.5 | 2332.5 |-2.225¢+000| 9.715e+000 M 4 7.0 83
067 | 238.1 | 6363 | 277.2 | 740.8 | 1.642e+001 | 1.643e+001 N 19.4 18.8
068 | 150.3 | 134.0 | 148.9 | 181.4 |-9.511e-001 | 3.540e+001 (0] 12 67.5 15.8
069 | 165.8 | 2413.0 | 228.4 | 2325.4 | 3.774e+001 |-3.632¢+000 P 16 28.2 19.0
070 | 683.4 | 2674.0 | 588.4 | 2786.5 |-1.391e+001 | 4.207e+000 Q 4 12.7 9.9
071 577.2 | 1584.0 | 586.8 | 1597.8 | 1.663e+000 | 8.732e-001 R 152 33.1
072 535.4 | 1352.0 | 515.9 | 1412.3 |-3.649¢+000 | 4.462e+000 S 12 39.9 15.7
073 | 376.9 | 5393 | 289.8 | 381.4 |-2.312e+001|-2.927¢+001 T 16 39.5 15.4
074 329.9 | 540.8 | 3552 | 607.7 | 7.660e+000 | 1.237e+001 Overall RMS error 36.6 17.7
0 -th RMS of Percent error is 3.0063e+001
1 -th RMS of Percent error is 1.9940e+001 60D
& RMS error(%) of Fx
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Table 8 Overall simulation error in 4 layers N.N.

No. of neurons in hidden layers | RMS error RMS error
First hidden | Second hidden | (%) in Fx | (%) in Fy
10 10 35.7 22.8
15 15 354 17.5
20 20 36.6 17.7
23 23 36 17.3
25 25 38 153
27 27 30.9 15.1
30 30 30.7 15.1
35 35 39.8 17.4
40 40 345 19.1
A 7125E 4% 7Y § AEEE AR RMS 22K%),
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A AEoltt
435 AR 2R A Al £9FH A2 299 7
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Table 9 Simulation sample of 4 layered prelearned N.N (NH=
20, NJ=20) where No. of untaught data is 8

Teach Signal | Output Signal Error (%)
Fx Fy Fx Fy Fx Fy
Ox1 | 294.2 | 409.4 | 294.2 | 409.4 | -7.199e-011 | 6.573e-011

001 | 294.2 | 409.4 | 294.2 | 409.4 | -3.478e-013 | 2.083e-013

002 | 457.5 | 763.7 | 457.5 | 763.7 | 4.224e-013 | 2.233e-013

003 | 348.3 |1523.0| 348.3 |1523.0| 3.917e-013 | 1.493e-013

004 | 117.4 |1897.0| 117.4 |1897.0| -2.905e-013 | 3.596e-014

060 | 204.7 |1272.0| 204.7 | 1272.0| 4.443e-013 | 5.363e-014

061 | 404.1 | 797.2 | 404.1 | 797.2 | 8.440e-014 | 5.704e-014

062 | 210.1 | 218.9 | 210.1 | 2189 | 1.623e-013 | 2.675¢-012

063 |-127.411694.0| -127.4 | 1694.0| -1.785e-013 | 1.342¢-014

064 | 219.5 | 526.1 | 219.5 | 526.1 | -6.733e-013 | -1.513e-013

065 | 248.2 |2111.0| 248.2 |2111.0| 4.580e-014 | 2.154e-014

066 | 663.3 |2126.0| 663.3 |2126.0| 3.428e-014 | -2.139¢-014

067 | 238.1 | 636.3 | 146.9 | 651.5 |-3.830e+001 | 2.383e+000

068 | 150.3 | 134.0 | 93.8 | 190.3 |-3.756e+001 | 4.202¢+001

069 | 165.8 |2413.0| 244.8 |2871.0| 4.765e+001 | 1.898e+001

070 | 683.4 |2674.0| 624.1 |2675.9|-8.680e+000 | 7.086e-002

071 | 577.2 |1584.0| 585.8 |1249.9| 1.488e+000 |-2.109e+001

072 | 535.4 |1352.0| 531.3 |1386.2| -7.751e-001 | 2.529¢+000

073 | 376.9 | 539.3 | 391.3 | 568.7 | 3.832e+000 | 5.445¢+000

074 | 329.9 | 540.8 | 394.9 | 497.8 | 1.969e+001 |-7.946e+000

0 -th  RMS of Percent error is  2.6525e¢+001
1 -th  RMS of Percent error is  1.8290e+001

Table 10 Simulation error of forces (4 layers prelearned N.N.,

NH=20, NJ=20)
Case No. of untaught| RMS error RMS error
data (%) in Fx (%) in Fy
A 4 14.0 21.5
B 8 26.5 18.3
C 12 41.9 18.5
D 16 27.7 18.2
E 23.9 14.6
F 8 30.0 20.9
G 12 41.9 239
H 16 25.3 22.7
I 8.6 12.7
J 8 30.6 319
K 12 31.9 19.2
L 16 353 16.0
M 9.4 12.7
N 8 21.4 14.9
(0] 12 63.8 10.9
P 16 38.2 229
Q 4 13.2 15.7
R 8 57.1 30.4
S 12 60.1 18.0
T 16 52.5 16.9
Overall RMS error 39.4 20.0
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Fig. 12 RMS emror (Pre-leamed 4 layers, NH=20, NJ=20)

100.0

# RMS error(%) of Fx , NN=30
X RMS error(%) of Fy

80.0

60.0

»

LR 2

RMS error (%)

400 - & .
*
*
5 .
X * ! y
200 X - X
R X
X
y @
00 ‘ ; \ \
0 4 8 12 16

No. ot untaught data
Fig. 13 RMS emror (Pre-leammed 4 layers, NH=30, NJ=30)
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Fig. 14 RMS emror (Pre-leammed 4 layers, NH=40, NJ=40)
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Table 11 Overall simulation error in 4 layers prelearned N.N.

No. of neurons in hidden layers | RMS error | RMS error
First hidden | Second hidden | (%) in Fx | (%) in Fy
10 10 45.7 23
15 15 50.9 234
18 18 474 24
20 20 394 20
22 22 46.2 20.7
25 25 52.6 20.1
30 30 41 20.5
33 33 40.1 24
35 35 40.7 17.9
37 37 38.6 19.5
40 40 45.1 17.7
80
s =4=RMS error(%) in Fx
9-\0/ e =—-RMS error(%) in Fy
G 60
E 50 /A PN
5 40‘ \/ \ & f"/
T 30
c% 20 %I—%
10
0 T T T T T 1

10 15 20 25 30

No. of neurons in hidden layers

Fig. 15 Overall RMS error in 4-layered prelearned network
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