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Effects of FDM 4D printing process parameters on shape memory properties of PETG
LIU Zepeng, LIU Shaogang, CHEN Bai
(Key Laboratory of Integrated Design and Online Monitoring for Light Industry and Food Engineering Machinery Equipment, College of Mechanical
Engineering, Tianjin University of Science and Technology, Tianjin 300457, China)
Abstract : To reveal the regulatory patterns of fused deposition modeling (FDM) process parameters on the 4D printing shape

memory performance of poly(ethylene terephthalate-co-1,4-cyclohexanedimethylene terephthalate)(PETG), the effects of six process
parameters-printing direction, water bath temperature, thickness, number of layers, filling rate, and mold pressing angle-on the recov-
ery time and recovery ratio of PETG specimens were systematically investigated. Through single-factor experiments, the influence
of each parameter was preliminarily studied, and three key factors with relatively large effects-thickness, number of layers, and fill-
ing rate-were screened out. On this basis, the Box-Behnken response surface methodology was used to establish a second-order
regression model between the key factors and performance indicators. The results show that increasing all three key factors led to
longer recovery time and lower recovery ratio; in descending order, the effects on recovery time were thickness, filling rate, and
number of layers, while the effects on recovery ratio are thickness, number of layers, and filling rate. The interaction between thick-
ness and filling rate has an extremely significant effect on recovery time (p-value less than 0.01). Through model solving and experi-
mental validation, the optimal parameter combination is obtained: thickness of 6 mm, 8 wall layers, and filling rate of 15%. Under
these parameters, the measured recovery time of the PETG specimen is (16.854+0.072) s, and the recovery ratio is 98.384%
+0.105%; the relative error between the measured and predicted values is less than 5%. This study can provide a quantitative basis
for optimizing PETG-based 4D printing processes.

Keywords : 4D printing ; PETG ; fused deposition modeling ; shape memory material ; response surface methodology
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Tab.1 Test piece printing process parameters

Parameter Value
Nozzle temperature/°C 245
Texture PEI print board temperature/°C 70
Nozzle diameter/mm 0.4
Layer height/mm 0.2
Line width/mm 0.42
Printing speed/(mm-s™") 50
Infill pattern Grid
1.4 IAFeg4%&

fifi FH§ SolidWorks 2020 § 14 , £ il %6 4 10 mm,
£ 100 mm A9 5 T2, il Pt & D g ik
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(R FTER , T AR & 1 i o
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Fig. 1 Workpiece model
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Fig.5 Printing direction diagram
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Fig. 6 Influence of printing direction on recovery time of workpieces

[Error bar represents the standard deviation (SD),n=5]
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Fig. 7 Influence of printing direction on recovery rate of workpieces

(Error bar represents SD, n=5)
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Fig. 8 Influence of water bath temperature on the recovery time and

recovery rate of workpieces (Error bar represents SD, n=5)
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Fig. 9 Influence of thickness on the recovery time and recovery rate of

workpieces (Error bar represents SD , n=5)
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Fig. 10 Influence of layers on the recovery time and recovery rate of
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Tab.2 Surface analysis experimental design table with three

factors and three horizontal responses
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Tab.3 Experimental design and results of response surface optimi-

zation recovery time and recovery rate

Levels
Factors
- 0 1
Thickness(4)/mm 6 8 10
Layer(B) 2 5 8
Filling rate(C)/% 15 45 75

i 72 Design Expert 10.0.3 % 4f Ab B AR 1 %5 4%
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Y,=80. 47+32. 1A+6. 35B+12. 8C+6. 37AB+15. 35AC—-
2. 78BC-21. 484%-5. 38B>-10. 29C* 2)
Y,=97. 26—1. 394-0. 54B-0. 38C-0. 32AB+0. 08AC-
0. 34BC-0. 44A*-0. 042B>-0. 2C* 3)
J7 2250 M4l R LR 4, Horh FAE B8 ) 52 i
2, AR Y I 35 P AG 56 M R p-value<0.05 i 1]

Recovery Recovery

Number A/mm B Cl% time(Y,)/s rate(¥,)/%
1 6 2 45 17.52 98.37
2 10 2 45 75.85 96.04
3 6 8 45 18.63 98.15
4 10 8 45 102.45 94.56
5 6 5 15 20.52 98.32
6 10 5 15 47.13 95.55
7 6 5 75 19.58 97.54
8 10 5 75 107.59 95.09
9 8 2 15 45.52 97.79
10 8 8 15 62.65 97.15
11 8 2 75 72.52 97.58
12 8 8 75 78.52 95.56
13 8 5 45 85.36 97.36
14 8 5 45 80.52 97.47
15 8 5 45 82.45 97.16
16 8 5 45 78.53 97.29
17 8 5 45 75.51 97.01

IWHEA G L JEEE SE TR AR A I ] 52
i 1% 8. 2% (p-value<0.01), 5% 2 FU 52 1 2 2 (p-value<
0.05), S0 K/ NIUT R IR FE> RS R0 280, —Ik
A8 H I AC % 2. 3 (p-value<0.01), AB ‘2 3 (p-value<
0.05), BC AN W35, 52 HAE R W #2 )%y AC>AB>
BC.
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Tab.4 Regression analysis results of recovery time model and regression coefficients

Source Sum of squares Degrees of freedom Mean square F-statistic p-value Level of significance
Model 13 720.39 9 1524.49 56.70 <0.000 1 *x
A 8241.35 1 8241.35 306.51 <0.000 1 **
B 323.09 1 323.09 12.02 0.0105 *
C 1310.46 1 1310.46 48.74 0.000 2 o
AB 162.44 1 162.44 6.04 0.043 6 *
AC 942.49 1 942.49 35.05 0.000 6 **
BC 30.97 1 1.15 0.318 8
A 1 942.61 1 1 942.61 72.25 <0.000 1 o
B 121.96 1 121.96 4.54 0.070 7
c 445.78 1 445.78 16.58 0.004 7 *x
Residual 188.21 7
Lack of fit 132.01 3 3.13 0.149 5 ns
Pure error 56.20 4
Corrected total 13 908.60 16

Notes: p-value<0.01 is extremely significant,expressed as **; p-value<0.05 is significant,expressed as *; p-value>0.05 is not significant,expressed

ERIPEAN H8FR 0L 26 5, e REN(R) M 0.986 5,
1 1E B R BU(A-RY) R 0.969 1, 1] f## & 96.91%
M o7 (B AR 55, HL5 W0 e s R 45 (Pre-R°){H(0.841 8)
FEAT B i B R R 13 iR 22 IE S HERE
A B AR A, B IE SR R AT 1K 14

NERZE S TR BINE R SC R K, 1 rh 17 e ik 22
PIAE£3 LU 5 [ 15 o SEBRE AT ORG24, I8l v
7R SEBRE AR AR B FA R . DL E 4455
BRI R4 I 1 E 5 Fe vl Ay i iR A I R
PRI SC 2, mT T A Bt , m] Sy
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Tab.5 Results of error statistical analysis of recovery time regres-
sion model 100 - -
Project Value Project Value 801 -
Coefficient of
Standard deviation  5.19 oetierentor 0.986 5 -
determination(R") £ 60
Correction of 3
Mean value 62.99 ormection 0.969 1 2 y
determination(R", ;) 40
Coefﬁc.ient of 8.3 Predictior} co.rrecti;)n of 0.841 8
variation/% determination(R", ) 20k
f f u
Sum 0_ Squares o 2200.01 Relative accuracy degree  23.861
predicted errors ) ) ) ) ) )
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- gg ] _ P15 SZBRAEFITSIINF 5 7 P (R A b))
E’ 80 b 5 Fig. 15 Relationship between actual and predicted values(recovery
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Fig. 13 Normal distribution diagram of residuals(recovery time)
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Fig. 14 Relationship diagram between residuals and equation predic-
tions(recovery time) —6.0 - ‘ ‘ ‘ ‘ ‘ ‘

8] 5 43 B 45 2R W3 6, B p-value<0.000 1(#
2, I p-value=0.224 1>0.05( /A i 3%), Vi W
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Fig. 17 Relationship between residuals and equation predictions(recov-
ery rate)
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Tab. 6 Regression analysis results of recovery rate model and regression coefficients

Source Sum of squares Degrees of freedom Mean square F-statistic p-value Level of significance
Model 20.97 9 2.33 47.54 <0.000 1 ok
A 15.51 1 15.51 316.46 <0.000 1 *k
B 2.38 1 2.38 48.48 0.000 2 ok
C 1.16 1 1.16 23.57 0.001 8 ok
AB 0.40 1 0.40 8.10 0.024 8 *
AC 0.026 1 0.026 0.52 0.4933
BC 0.48 1 0.48 9.71 0.016 9 *
A 0.80 1 0.80 16.37 0.004 9 *
B 0.007 252 1 0.007 252 0.15 0.7119
c 0.16 1 0.16 3.32 0.1114
Residual 0.34 7 0.049
Lack of fit 0.22 3 0.072 2.26 0.224 1 ns
Pure error 0.13 4 0.032
Cor total 21.32 16
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Tab.7 Results of error statistical analysis of recovery

rate regression model.

Project Value Project Value

ffici f
Standard deviation 0.22 Coe .1c1e.nt ° 2 0.983 9

determination(R”)

Correction of

Mean value 96.94 . 5 0.963 2
determination(R", ;)
Coefficient of Prediction correction of
2 .82

variation/% 023 determination(Rzpre) 08288

Sum of squares of

predicted errors 3.65 Relative accuracy degree ~ 23.262

9 -

98 - =

Predicted
©
~

T

o
(=)}
T

95 - @

94 95 96 97 98 99
Actual
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Fig. 18 Relationship between actual and predicted values(recovery rate)
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Fig. 19 Response surface and contour plot of 4B to recovery time
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Fig. 22 Response surface and contour plot of 4B to recovery rate.
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Fig. 23 Response surface and contour plot of AC to recovery rate.
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