2003 FEL FR? A LM FLE @ SAREAEREL
PERREII2E 082 24 p ()

£ ORIZLE &5 92 PVT X dicdy K 808401 & 3] B2 WA IS
Monitoring the big data of amorphous polymer’s PVT (pressure-specific
volume-temperature) for diagnosing the shrinkage of injection molded product
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Abstract

Shrinkage and warpage are common defects in injection molded product. It is difficult to control
the filling process due to the rheological behavior of the plastic melt. The parameter setting such as
temperature and pressure is crucial to improve the defects. Traditionally, the operators usually
obtain the appropriate parameter setting through trial and error method. However, relying on
experience may cause the lack of rigorous scientific procedures. The standard operating procedures
should be employed to enhance process capability and reduce defective rate. The volumetric
shrinkage and non-uniform specific volume are expected to reduce through the proposed methods in
this study. Based on the relation among pressure, specific volume and temperature (PVT), the melt
state was monitored by using the temperature and pressure sensors in the mold cavity during the
injection process. The sensor-collected data was converted into the specific volume which presents
the product quality. Integrated design of experiment (DOE), Taguchi method as well as the response
surface methodology, and artificial neural network (ANN) were used to predict and improve
product quality. First, the significant factors were selected based on signal to noise ratio through
Taguchi method. Then these factors were used to conduct the central composite design (CCD) and
Box-Behnken design (BBD), respectively. After that, a set of optimal process parameters and
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predicted specific volume were obtained. The hyperparameter setting of back-propagation neural
network (BPNN) was tuned via the uniform design (UD). Finally, the predicted results were
validated against the prediction from ANN model. The results showed that the packing stage had the
most significant effect on the volumetric shrinkage. The statistical predictability of the BBD is less
accurate than that of CCD due to the distribution of design points in the BBD. The experimental
results showed the CCD reduced the calculated volumetric shrinkage to 1.22%. The optimum total
packing time of CCD was reduced by 0.4 seconds compared with that of BBD. The difference
between the product quality predicted by the neural network and actual measurement is 3.29%. The
lower prediction error of 1.52% using the optimized hyperparameters shows that tuning
hyperparameters via UD is feasible. In conclusion, the integration of DOE and ANN can effectively
predict and overcome the defects of injection molded product.

Keywords: pressure-specific volume-temperature (PVT), Taguchi method, response surface
methodology, uniform design, artificial neural network
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7. % ~ W
%2 1.9 033 Li2F %%
o 5] Vo (107%) Vobj SV Ve Vdelta Sv
I shot 5w shot 10w shot (102) (10 (109) (10?) (%)
1 2.200 2.159 2.205 2.188 2.079 1.070 2.081 2.06
2 2.146 2.236 2.172 2.185 3.751 2.121 1.972 1.95
3 1.087 0.990 1.042 1.040 3.995 1.089 0.931 0.93
4 0.949 0.906 0.944 0.933 1.912 1.301 0.803 0.80
5 1.298 1.339 1.286 1.308 2.240 0.630 1.245 1.24
6 1.123 1.180 1.126 1.143 2.635 1.017 1.041 1.04
7 2.001 2.036 2.001 2.013 1.653 1.270 1.886 1.87
8 1.879 1.871 1.847 1.866 1.350 1.401 1.726 1.71
9 1.970 2.031 2.032 2.012 2.698 1.919 1.820 1.80
10 0.877 0.995 0.872 0.914 5.692 0.862 0.828 0.83
11 2.450 2.428 2.462 2.448 1.463 0.690 2.379 2.34
12 1.653 1.672 1.693 1.673 1.636 1.557 1.517 1.51
13 2.536 2.609 2.590 2.578 3.093 0.771 2.501 2.46
14 1.937 1.886 1.907 1.910 2.119 1.203 1.790 1.77
15 2.286 2.101 2.093 2.160 8.922 0.825 2.077 2.05
16 0.816 0.827 0.811 0.818 0.652 0.857 0.732 0.73
%29 032 LB irie s
¥+ pd R Seq SS(10°) | Adj SS(10°) | Adj MS(10) F P # ¢
R 1 5 5 5 1.86 0.206 3
HOR 1 0 0 0 0.09 0.770 5
i i 1 3 3 3 0.92 0.362 4
EREE 1 29 29 29 10.28 0.011 2
R A 1 67 67 67 23.60 0.001 1
SRR 1 0 0 0 0 0.958 6
B 9 25 25 25 NA NA NA
B 15 129 NA NA NA NA NA
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) Vobi (10%) Vobj SV, Viev Véelta Sv
1 shot 5 shot 104 shot (102) (10 (109) (10?) (%)
1 2.591 2.556 2.638 2.595 3.355 2.432 2.352 2.32
2 2.375 2.361 2.335 2.357 1.692 1.976 2.159 2.13
3 1.733 1.798 1.725 1.752 3.287 2.390 1.513 1.50
4 1.602 1.610 1.626 1.612 0.983 2.317 1.381 1.37
5 2.155 2.154 2.168 2.159 0.652 2.624 1.896 1.88
6 1.911 1.897 1.919 1.909 0.907 1.843 1.725 1.71
7 1.565 1.659 1.599 1.608 3.857 2.410 1.367 1.36
8 1.466 1.419 1.402 1.429 2.708 2.057 1.224 1.22
9 2.364 2.377 2.336 2.359 1.712 2.590 2.100 2.08
10 2.122 2.072 2.072 2.089 2.380 1.365 1.952 1.93
11 1.834 1.790 1.794 1.806 1.986 2.540 1.552 1.54
12 1.643 1.622 1.591 1.618 2.119 2.427 1.376 1.37
13 2.039 1.999 2.004 2.014 1.777 6.729 1.747 1.73
14 1.686 1.730 1.713 1.710 1.847 1.453 1.564 1.55
15 1.617 1.600 1.604 1.607 0.727 2.773 1.329 1.32
16 1.424 1.449 1.452 1.442 1.266 2.008 1.241 1.24
17 2.175 2.173 2.144 2.164 1.391 2.482 1.916 1.90
18 1.910 1.918 1.911 1.913 0.385 1.956 1.717 1.70
19 2.134 2.139 2.059 2.111 3.661 1.980 1.913 1.89
20 1.562 1.582 1.594 1.579 1.297 2.265 1.353 1.35
21 2.063 2.062 2.012 2.046 2.391 2.047 1.841 1.82
22 1.771 1.765 1.760 1.765 0.452 2.143 1.551 1.54
23 2.006 1.984 2.003 1.998 0.976 2.232 1.775 1.76
24 1.799 1.805 1.842 1.815 1.907 1.933 1.622 1.61
25 1.991 1.939 1.945 1.958 2.347 2.109 1.748 1.73
26 1.972 1.971 1.932 1.958 1.844 2.041 1.754 1.74
27 1.916 1.913 1.912 1.913 0.166 2.076 1.706 1.69
28 1.822 1.813 1.868 1.834 2.370 2.111 1.623 1.61
29 1.969 1.980 1.997 1.982 1.139 2.242 1.758 1.74
30 1.964 1.957 1.978 1.966 0.845 2.267 1.739 1.73
31 1.958 1.992 1.972 1.974 1.419 2.208 1.753 1.74
% 4. Box-Behnken % 39 % & %
R VObj (10_2) \_/Obj SVobj \_/dev \_/deha év
I shot St shot 104, shot (102) (10 (103 (10?) (%)
1 2.217 2.227 2.187 2.210 1.694 2.362 1.974 1.95
2 1.963 1.983 2.001 1.982 1.567 1.588 1.824 1.81
3 1.684 1.694 1.689 1.689 0.391 2.414 1.448 1.44
4 1.576 1.553 1.588 1.572 1.437 2.324 1.340 1.33
5 2.141 2.181 2.201 2.174 2.510 2.294 1.945 1.93
6 1.842 1.838 1.860 1.847 0.958 2.220 1.625 1.61
7 1.928 1.954 1.935 1.939 1.091 2.115 1.727 1.71
8 1.742 1.706 1.692 1.713 2.134 2.069 1.506 1.50
9 2.083 2.107 2.084 2.091 1.109 2.442 1.847 1.83
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10 1.851 1.877 1.865 1.864 1.047 2.052 1.659 1.65
11 1.881 2.033 1.974 1.963 6.223 2.524 1.710 1.70
12 1.706 1.676 1.695 1.692 1.240 1.596 1.533 1.52
13 2.233 2.211 2.195 2.213 1.581 1.997 2.013 1.99
14 1.743 1.702 1.734 1.726 1.776 2.382 1.488 1.48
15 1.809 1.863 1.923 1.865 4.641 2.094 1.656 1.64
16 1.547 1.496 1.552 1.532 2.522 2.185 1.313 1.31
17 2.267 2.230 2.259 2.252 1.581 2.657 1.986 1.97
18 2.097 2.094 2.089 2.093 0.337 2.143 1.879 1.86
19 1.986 2.030 2.016 2.011 1.868 2.689 1.742 1.73
20 1.801 1.755 1.823 1.793 2.829 1.803 1.613 1.60
21 2.283 2.312 2.288 2.295 1.265 2.297 2.065 2.04
22 1.704 1.681 1.691 1.692 0.961 2.446 1.447 1.44
23 2.071 2.107 2.105 2.095 1.651 2.050 1.890 1.87
24 1.624 1.564 1.612 1.600 2.584 2.141 1.386 1.38
25 1.932 1.937 1.924 1.931 0.521 2.187 1.712 1.70
26 2.024 2.031 2.036 2.030 0.499 2.305 1.800 1.78
27 1.990 2.023 1.953 1.989 2.852 2.220 1.767 1.75

£ 5. 09032 L(BY) %%

KRS Vor; (10%) \_/obj SVobj Vev Veela Sv
1 shot St shot 104, shot (102 (10 (109) (10 (%)

1 2.615 2.538 2.552 2.568 3.345 2.603 2.308 2.28
2 2.029 2.047 2.086 2.054 2.377 2.558 1.798 1.78
3 1.568 1.595 1.640 1.601 2.968 2.678 1.333 1.33
4 1.972 2.001 2.094 2.022 5.187 1.905 1.832 1.82
5 1.903 1.842 1.870 1.872 2.508 2.238 1.648 1.64
6 1.743 1.696 1.699 1.713 2.156 2.364 1.476 1.47
7 1.823 1.842 1.872 1.845 2.014 1.724 1.673 1.66
8 1.905 1.881 1.873 1.886 1.384 1.669 1.719 1.71
9 1.558 1.555 1.547 1.553 0.477 2.200 1.333 1.33

£6. 9 032 L3R BHAITRS

7+ pd R Seq SS(10°) | Adj SS(10) | Adj MS(107) F P
R R 2 15 15 8 NA NA
RERA - B 2 42 42 21 NA NA
R A = B 2 12 12 6 NA NA
FRE A = B 2 4 4 2 NA NA
A 0 NA NA NA NA NA
K 8 73 NA NA NA NA

27 F Y Gz v g n s E it 84 R

‘ , AR i RR 4 (bar DOE 2 S BPNN z
it =4 E%Fé.*(si) Tk i;ﬁ ;;( : R 1t Vo Vobj (107) T3] Vb
vk g vos gL 45 770.9 770.9 770.9 NA 1.958 NA

ESe i WAz 5.0 889.5 889.5 889.5 0.0139 1.427 0.0137
Box-Behnken ¢ gk 4.5 770.9 770.9 770.9 NA 1.931 NA
By Bt WA 5.4 889.5 889.5 889.5 0.0138 1.472 0.0136
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£ 8 MW I E it kel F
5% R # R 4 (bar) - . N
%2z 2 5 PR - - 5 S Vi Vieta (107) Sv w5
' (sec) - B
R vos gk 4.5 770.9 | 770.9 | 7709 | 1.00826 0.01773 L76% | o oo,
ESe Bk W 5.0 889.5 889.5 889.5 1.00273 0.0122 1.22% ' °
Box-Behnken ¢ gL 4.5 770.9 770.9 770.9 1.00758 0.01705 1.69% 26.04%
Exe Bk WA 5.4 889.5 889.5 889.5 1.00309 0.01256 1.25% ' °
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® Near Gate Injection ® Near Gate lpnrj::sli?re:
® Middle Pressure . \ihl\ll.v ,
Amoghr .
: l :
:
':E E \'Hu N
R ————— Pucking E:’{ = - e
v / Pressure j - /_// Pressure
Increase Increase
o Temperature e o Temperature o
(a) (b)

L)1 B

7% G PVT & 4 0 fair fopr it

B Ei(a)#0 g o 1 (D)3 fesR(25]

111 : : !
11 - - mTTTT T -
8y runin CCD | //
1.09 - 0 MPa 100384 / .
108k | —— soMpa omsnf: | e i
Lo 100 MPa I !
K I 1 1
— Na T his T Time”
— 106 Mid 1483 =
=l
T o105 - FG B
S x  Veq rd
o 104 - P 4
E
= 1.03 - i
=]
=
o 102 e
=]
g 101 i
o
] . B
_— 1
0.99 P AT NG 1
D viS = 1.00513
098 1= L v =100384 ]
097 1 L vi® 099980
096 H s Ve 099053
0.95 1 | | 1 | o | 1 1 | | 1
200 40 60 80 100 120 140 160 180 200 220 240 260 280
25

Temperature (°C)

W2 ¢4 L3058

13

2 PVT Rl




2003 HEL TR ALK F L @ED SARELIERENE
SESE 112087 24 p(z)

r NG IO
I ° »
2 N
Mid A 4
e N
| g
FG
o
W32 0k g R B g
350 T T T T T T T T T
300 - Packm% time (sec) |
— o105
250 1+ 1.0 .
£ —— t+15
= L
° 200 - — t+20 _
] —— t+25
4 . t+3.0
2T i
z
O
100 -
50 |
|
0 | - 1
0 1 3 Ty : 9 10
Time (sec)
B4 Rp R B4 W -0 F RBIFF Y
Input layer Hidden layer Output layer

{v =" xw,+b
y=7@)

Net input
v

Jv)

Activation function
(Transfer function)

Summation

Update weights & bias Loss
function

] 5. BPNN 3

14



2003 KL FRT A EHIHF LG @

dEAR 112 087 24 p ()

Pressure (MPa)

Pressure (MPa)

Pressure (MPa)

T T T T T T
80 R
Packing time of NG
3.5 sec
7 4.0 sec 1
— 4.5 sec
5.0 sec
60 —
—— 5.5sec
——— 6.0sec
50 —— 6.5sec -
——— 7.0 sec
— 7.59ec
40 +
30
20 -
10 -
0 1 |
0 2 4 20
Time (sec)
W 6. iTiEv Az R4 & AE
T T T T T T
80 |- R
Packing time of Mid
3.5 sec
70 |- 4.0 sec =
— 4.5 500
5.0 sec
60 + -1
— 5.5sec
—— 6.0 sec
50 + E) —— 6.5 sec -
L —— 7.0sec
— 7.5sec
40 + B
30 + -1
20 ~
10 - -
\ \
\)
0 o ERL
0 2 4 6 8 10 12 14 16 18 20
Time (sec)
W 7.7 L B4 ARE
T T T T T T
80 - R
Packing time of FG
3.5 sec
70 - 4.0 sec B
—— 4.5sec
60 5.0 sec |
— 5.5sec
— 6.0sec
50 1 6.5 sec -
L —— 7.0sec
— 7.5 sec
40 -
30 +
20 -
10
0 I 1

Time (sec)

B 8. BALSET a2 B4 W SRE

15

rARRLIIER R



2023 HEFERT A

dEAR 112 08 7 24 p(w)

Temperature (°C)

Temperature (°C)

Temperature (°C)

EHieh F 4§
]

é

@ CAREL LR XA

80

60

40

8, run in CCD
NG
+  solidfication point

16 28

Time (sec)

LE 8 HITHET B R R Y AR

-3‘.‘_’,\,
-l

80

60

40

8, run in CCD
Mid
+  solidfication point

16 28

Time (sec)

XA 8w LA RS AE

80

60

40

8y, run in CCD
— FG
+ solidfication point

16 28

Time (sec)

¥ 8 RyE T B2 R AR

16



2023 HoE ERT ALHITHYF L E
A

dEAR 112 08 7 24 p(w)

Main Effects Plot for SN ratios
Data Means

LRI IER LS G

Melt temp.

Mold temp. |[Injection speed| Packing time | Packing pres.

Cooling time

394

Mean of SN ratios

33

T T
210 240

50

Signal-to-noise: Smaller is better

m 12. v v 3 /& L16(26)'§,‘% "ﬁ!’- WK )j’%?]

Specific volume (em’/g)

Specific volume (¢em’/z)

111

1.09
1.08
1.07
1.06
1.05
1.04
1.03
Loz
1.01

0.99
0.98
097
0.96
0.95

T T T T T T

Center point in CCD
[ 0 MPa T
= 50 MPa S e
L 100 MPa o |

NG A
r Mid / b
L Vi€ =101030 o
L— P V" =1.00025
~ Vi® =1.00523

1 1 1 L L | 1 1 L | L 1

20 40 60 80 100 120 140 160 180 200 220 240 260

T T T T T
70 26.18 5236 36 54 652.3 889.5

Temperature (°C)

B 13.7 &£ & %9 wEke w2 PVT H

111

1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1.01

0.99
0.98
0.97
0.96
0.95

280

T T T T T T
Center point in BBD
B 0 MPa p I
= 50 MPa P B
.
L 100 MPa S/ |
NG y
N Mid / \ b
L | —rc / i
- ) Vi® =1.00965
L— - vi"=1.00867 |
- Vi =1.00443
1 1 1 L 1 | 1 1 L | 1 1
20 40 60 80 100 120 140 160 180 200 220 240 260 280

Temperature (°C)

W 14. Box-Behnken% 3+ ¢« gk e w2 PVTH

17

T
15 25



2023 WEFER* AEHITHF L€
dEAR 112 08 7 24 p(w)

111

1,, run in Taguchi method
0 MPa

50 MPa

100 MPa

— NG
Mid

— FG

099

097

1 1 1 L L |

vi® =1.01661
v =1.01504 |
vi® =1.01021

L 1 1

Temperature (°C)

40 60 80 100 120 140 160 180 200 220 240 260 280

W15. v v 2 2 Le(3) % 122 PVTH

1 Pack P
88950
[889.50]
65230

2 Pack P
88950
[889.50]
65230

3 Pack P
88950
[889.50]
65230

1 Pack P
889.50
[889.50]
652.30

2 Pack P
889.50
[889.50]
652.30

3 Pack P

889.50
[889.50]
652.30

1.1 -
1.09
1.08 ~
1.07 +
- 106 -
_il]
E 105
E 1.04
% 103 |
g
o 102 |-
h=]
2 101 -
_&
w2 1 -
0.98 -
0.96
0.95
20
Optimal PackTime
. High 540
D: 1.090 cor [5.0]
Predict Low 360
Vobj_ave
Minimum
y =0.0139
d =1.0000
Optimal PackTime
. High 540
LELBAN e [5.40]
Predict Low 360
Vobj_ave
Minimum
y =00138
d = 1.0000

W1 17. Box-Behnkenzk 3+ & it %8s 5 B &

18



2023 -2 FEt A
R R 112 & 08

iR A g

24 p ()

Main Effects Plot for SN ratios

Data Means

Packing time

1st Packing pres.

2nd Packing pres.

3rd Packing pres.

360

3554

3504

345+

Mean of SN ratios

340

335+

36

45

54 523 7709 8895 6523

Signal-to-noise: Smaller is better

Specific volume (cm¥/g)

Specific volume (¢cm¥/g)

7709 8895 6523 7709 8895

3 o4 AN
W18, v r 2 Lo(3%) kit £ L

L11 T T T T T T T T

1.1 - //,
timization of CCD
Lo || P / .
——— 0MPa
108 - | ——— 50MPa e
Lo7 L |~ 100MPa |
—— NG
1.06 Mid =
1.05 — FG -
-
1.04 T
1.03 - _
1.02 - .
1.01 - _
1 = —
— / -

0.99 _
098 |- Vi€ = 100459 A
097 b vi¥=100372 |

— VE =0.99989
096 - — -

095 1 | | 1 1 | | 1 | | | |

20 40 60 80 100 120 140 160 180 200 220 240 260 280

Temperature (°C)

B19. P £ &3 & A E i 2n2 PVTH

111 T T T T T T
1.1 - A
Optimization of BBD 4
Lo | gwmpa / 7
1.08 - —— 50MPa / -
L7 L | 1ompa |
— NG
1.06 - Mid -
1.05 - — FG -
//
1.04 - A
1.03 -
1.02 - -
1.01 i
1+ -
— ~ .
0.99 i
098 | vI® =1.00493
Mid _
007 - vi=1.00416 |
— viE =1.00017
096 — — -
0.05 I ! | 1 1 | | | ! | 1 1
20 40 60 80 100 120 140 160 180 200 220 240 260 280

Temperature (°C)

B 20. Box-Behnkenzx 2+ & i i+ 2 %] 2. PVTH

19

cAEWEIERE

AN

<



2003 HEL TR ALK F L @ SARELIERENE
S ESE 112 087 24 p(z)

Initial BPNN model MSE

0.040
—— Training_MSE
0.035 4 —— Validation_MSE
0005
0.030 4 — Training_MSE

Validation_MSE

0.025 4

0.020 4

Loss

0.010 4

0.005

0.000 T T T T T 1
0 500 1000 1500 2000 2500 3000
Epoch

W21, 4453 % ehde 2 BPNNHA 2 #5 3% £ (MSE)

0.0300

0.0275 4

0.0250 4

0.0225 4

0.0200 A
1)

Prediction

0.0175 1

0.0150 A

0.0125 4

0.0100 T T T T T T T
0.0100 0.0125 0.0150 0.0175 0.0200 0.0225 0.0250 0.0275 0.0300

Measurement

B122. 743k % rBPNNHEAI T8 ] Vo 42 1% Bl S o cnT 158 47 A vt 32 4 (MAPE) 5 3.2981%

Optimal LR epoch batch
- 1.000 High 0.1050 48000 290

- LD cur [0.010] [4B00.0] [29.0]
Predict Low 0010 1000.0 100

Error

Minimurm

y = 16903

d = LD

F23. UD*% | 81t

20



2023 -2 FEt A
R R 112 & 08

W25 #5333 B i PBPNNEC2 T8 58] Vo ¢ Bl » S i cnT 125 $1F A+ 3 £ (MAPE)

Hirm2 g 4§
24 p ()

@ AL LR

Optimal BPNN model MSE

0.040

0.035 A

0.030 1

0.025 A

0.020 A

Loss

0.015 A

0.010

0.005 A

—— Training_MSE
——— Validation_MSE

0.005

0.004

0,003

0.002

0.001

—— Training_MSE
—— Validation_MSE

0,000+
4550 4600

e -y

0.000
0

F24. 354

1000

2000

3000 4000

Epoch

R ez S BPNNHCE] 2 352 3£ (MSE)

0.0300

0.0275 A

0.0250 +

0.0225 A

0.0200 4

Prediction

0.0175 A

0.0150 4

0.0125 4

0.0100

0.0100 0.01

25 0.0150 0.0175 0.0200 0.0225 0.0250 0.0275 0.0300

Measurement

21

1.5292%

AN

<



