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Effect of 4D printing parameters on shape recovery properties of three-layer polymers
WANG Pengfei, LIU Shaogang, ZHANG Xianchao, LIU Zepeng
(Tianjin Key Laboratory of Integrated Design and On-line Monitoring for Light Industry & Food Machinery and Equipment,
School of Mechanical Engineering, Tjanjin University of Science and Technology, Tianjin 300457, China)

Abstract : Shape memory polymers (SMPs) are smart materials that can deform according to external stimuli, and are widely
used in 4D printing because of their adaptability and self-healing. The three-layer structure of different polymers was printed by 4D
printing technology, and the effects of three parameters, namely filling pattern, bending degree and printing speed, on the shape
memory performance of multilayer polymers were analyzed. The module was printed out by 4D printing for bending recovery exper-
iment, and the shape recovery rate of the module was used as the evaluation criterion. In the experiment, the three-layer printing
structure of T-P-T which included the first layer of polyurethane (TPU), the second layer of polylactate-carbon fiber (PLA-CF), and
the third layer of TPU and P-T-P which included the first layer of PLA-CF, the second layer of TPU, and the third layer of PLA-CF
were adopted. The results show that the shape recovery performance of the printed parts is largely determined by the outermost mate-
rial. With the increase of the number of interlayer TPU layers, the shape recovery rate of the module P-T-P increases gradually, while
the shape recovery rate of the module T-P-T begins to decrease after the number of interlayer PLA-CF layers exceeds 10 layers. The
influence of the filling pattern on the shape recovery rate of the printed module is that the shape recovery rate of the module is the
highest when the filling pattern is the inner hexagon, and the shape recovery rate of the module is the lowest when the filling pattern

is the grid. With the increase of the bending degree, the shape recovery rate of the two printing modules T-P-T and P-T-P gradually
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decrease. When the bending degree increases from 135° to 180°, the shape recovery rate of the printed module P-T-P decreases the

fastest, while the shape recovery rate of the printed module T-P-T at three bending angles of 90°, 135°, 180° is more than 90%. The

shape recovery rate of P-T-P decreases with the increase of printing speed, and the shape recovery rate of modular T-P-T increases

first and then decreases with the increase of printing speed. Compared with T-P-T, the printing parameters have the great influence

on the shape recovery rate of the modular P-T-P. The above results provide the reference for further analysis of the combination of

three-layer structure and 4D printing technology.

Keywords : shape memory polymer ; 4D printing ; three-layer structure ; shape recovery rate ; shape memory performance

3D AT BN AR R 3G A il 15, S — Tl 2 )2 HE AR
RHE BT 75 B B = 25 AR 932 v T 4%
AN, AR B Tl Y & J 34538 1% 3D 4T E
7 i R R DA A Bl AR LR, 4D AT ERE
3D FTER LAY 36 T i[RI 48, FH 3D 4T ERE A1
BT ER A A | 25 Ho—A e MR, & bk
A8 JEAR T BE Rl S R] 1 & AR e AR TR RIE I B
A1 (SMPs) & HAG TR ICIZ B 1 B4 BEM AL, J2
H A 4D FTER b i FH e 32 A RS, H AR T 38
ZWREGY FEAFEAR ARG  FURERS IR
R ME(TPU) R FLER (PLA) TN M R AL T i - i i
JoE TR 2 IR — I TR TR 45 , o PLA FI TPU AR
ZXN, TPU HA 3L & ek 4 1 BE , PLA 7E
FEFRITTAR AL (FDM) B AR i 85, B B
A YA RN TAERESEN Y, BREF4E(CF HA %
R ISR 5 ¥ CF 5 PLA Bl & T8 il —F
J72F M e A W) M 25 1 B4 1) PLA/CF B & 4
B, SMPs — it i FDM #E47 3D 4TE™, FDM A
LA B4 AR PRV B HEE 7 (8 b RkaE
IR B2 R T AR AN R AR

FTEN SR W £ 2250 R A WY R 2 1
REMEREN R, B NN 228 X 2 2 450
1T TR AMFFY . Kechagias 252 25 T 21~k
JEEER T TR, FEAT Bk A8 el A8 1 e J2 4540 1Y
WAL, AIF 5T 45 3R W e 2 455 4y 1 vt e J32 AR r e 5.
PERLEA TARKBYEETE, o0 R AT L 3D FT B0 AL
BRI TSI TER 42 Al . Wang Z5°JF &
W — Tl AR 1) 22 J2 A | T 5 F 3 T L 2 22N
KEFHYE . 5T 45 5 2 WX b 45 44 AN UAE e 0L i
TR S T L/ 1 B N S AL 4, 18 A 15 —F WG Bff
PALT R R A, B E AR . Wang
SEPIIFGY T AN [RI J2 RUST R i 8 % e 3 e 2 A5 )
AR TR R, W5 45 R X R A5 R A BB BE
JIH R W SR d = T A F 38.1 MPa F125.4 kl/kg.

ZE Lk, R E AN 2R G 2 )2 S5 R ik T

T—ZIIBETE B EZRTAE TP AE T J12# ERE AN
ML 2EMERE X T 3D FTEN Z R MBS W S8
IR EREZ AR A e 0. R, 2B
K FDM $TEEE A, I PLA/CF FIl TPU 1 Ry 525644
L, PR RE S BIE R AT ER A i e 5 e 2, d ik
Pi# £ R A B S0 FDM AT ENS%L, (45 75 &
2 VBN AR EE DL AT B B, ARG H X T R IE
ARIRSZVERE RS, S8 v A BB TR AR R 52 %
YERTPFA PRI

1 KIeEksy

1.1 EZRMA

PLA/CF 22 %F : FL 424 (1.75£0.02) mm, %5 J& Ky
(1.240.05) g/em’, CF Jii it 43 BUH 15%, BRifg i1 — 4%
SV ABR AT

TPU 22 #F : B 1%} (1.75+£0.02) mm, % & K
(1.2340.05) g/em®, BRUGTHT =LA PR H] .

1.2 EBMNEREEL

FDM 3D #TEIHL : A3S 44 fl i FL 3D FTENHL, I
I CIRIREHE A FRA A 5

PR b 1 A A D AR BE R 0°0~360°, BT 6
HITH)

THIFP K : 833 4xJB AP , N (i) R 52 A
FRT.H].

1.3 XA &

{5 ] Solid Works 4 , 42 BRI 1147 (1) 45 T 2 4L
AT =Y RE, 57 58 BUS DA STL A& AR A7, 3¢
-5 A\ £ Creality Slicer ¥/ H A TV] 2534, M4
— 2T ERRR P % i, 5 K AR I 5 A EI FDM
3D ATERHLH  XRLAATENR AT S8R B . i),
FTENHLEE R e A A7 )2 IR HEARATED . 4T EP
SE AR RS 8 52.5 mmx 10 mmx2 mm f7 W 4%
RYMRETEME SR ECN 20 2. FTERFBIRL AN A] 1
RS2SR T T-P-T M1 P-T-P Hifh = J2 4544
Horp [ T-P-T = 2454 8 I )23 53 & PLA-CF ML,
A B EL R R4 & TPU AR P-T-P = 24544y



124 AR

2025 4E, %5 53 4,45 8 1

B REpRRR
Fig. I Sample model

e JZ B4 & TPU M BL, B A2 9 FEARH 43 J& PLA-
CFMRE, (LN Ll 4, SR A AR B 7
1.4 X%t

FERITST BN 0T = J2 45 MR T R AR 42 1
REAYSZIA , BERE T T I8 VO il A 8 T B 3
ASBHNBr H = 2 S5 R B T AR K 52 i 110
SO, SIS AR R BN 1] 2 iR o R TER
SE B BT =R SR FH KT I AR 3 1 Oy
2, B AR R T R T 5 b A A IR R K
1 min, 5 H I AERAL , )AL ol JHL 11 5 i s
MR 1 min, ZJEHZAM 1 E 10 min, 555 B 4L
BAEPUK P EIRIKE BN FARL

Shape restoration

Print | |Heating Bending ~ Let it stand Heating
= > > >
75 °C 85°C

‘ >

=
>

Printing process Shaping process

K2 RSB AR B

Fig. 2 Schematic diagram of shape restoration of three-layer structure

Recovery process

module
1.5 @iX5 kA
TR I 45 AR Al A A A A A R R R JS
FYERA A FA B B2 )5 0 AR BE 0 AnI&T 3 i o S5
ARZE . TE YK IS B A 0 I ST R AR
MWE AR, WA(1)o

0
Rf:(l _W)X 100% (1)

K O MRS R A

%

K3 BRI 0
Fig. 3 Angle 0 after module recovery

2 #HR5FR
2.1 RE M & BB R T A KR AL
EAD]

SEIFE T TPU 1 PLA-CF 1E Jy 3 )2 58451
AN TR AA ok 2 22 J2 B8O B4 T IR A 52 1 i 1 5 i
PRAFBE BY 18 (T BN FE 60 mmy/s, 1T BRI 22
PR, 25 AR 1800, HH T 100% , AT & 75 °C,
PRI URIE 85 °C)o AS[H) A1 HLJe 2 2 okt TPU/PLA-
CF BT R ST PR R A 52 40 1] 4 TR . 2424
} 0~10 JZ 1}, FTE4: T-P-T AT ARIK B2 R TC AR KBk
3l FTENF P-T-P M JE IRV &2 R B % J¢ )2 TPU JZ2 4K
BT g YR B 10205, T-P-T R4
T RN S 22 TF 1y 3 B ARG, 10 P-T-P FEAF (T IR K
SR THRIREE LA . 24 0~16 )20, FTER{: T-P-
T IR e 5 THT B4 P-T-P TR B 2R 5 Y
L 16 )25, G E IR R 5 TR . SEEE
ST LA AN E AR KRR o THTER
PRI PERE . TR R TPU SME K G A7 R 155
% ,PLA-CF " A 5 2% 1Y CF f£4E , CF g ik
FECEARH BAT —E MR EE BT AR B S i
HIG AR b A8, T B 7o o AN 2% 511 CF
W EBHRR R G Y TR 8l X & P BRI E o
RS AR T R, Xt 1S PLA-CF it
REH Y I 30D, T AR AR S 1 B 20, 7
10 )220, AP T ER A BT R 52 2 R EIPE R I e
e, A LA B 2 20N 10 )2 2847 B4 T ERRS ) T
P-T FIP-T-P. MHRFITEN SO = 2R 5B 8
PR HERE ) LR FZ ), T T S 504 5 B AR AT B
SHORBFFIRAMS -

—=— TPU composites
—e— PLA-CF composites

[ee] [ee] O
(=] W (=]
T T T

Shape recovery rate/%

~
W

70

Il Il Il Il Il Il I}
8 10 12 14 16 18 20

0 2 4 6
Number of floors/layer
K4 RERRRICZ 2B TEMPI AR S PR 1

Fig. 4 Influence of number of sandwich layers of different materials on

shape recovery performance of prints



EME K, AF 4D HTENZHON = RGBS PRI Z VERE 2 125

2.2 HAFABENZBEEMT IR LR 8

A E S RAR T T DB R & AT B A28 o
PHE T 3 FHE T E S (A& L [RLC B N 7S ) XFTER
BRI MR RS2, [ A i S EORAE T
EE 60 mm/s, 25 il 2% 180°, I 7K 100% , M 7Y
WRLBE 75 °C R B 85 °C)., 3 Fhi 7 R Al 5
JIF7R o

(a) Print pattern hexagon inside

(b) Print the pattern grid

(c) Print pattern concentric circles
B S RBPEEFEEE
Fig. 5 Three types of modular filling patterns

1 6 &L 7 43 53] Ry 330 70 6] 58 %o 4T ER AL 4 P-T-P
A T-P-TIHRMK B P RE A2 . & 6 AR 7 i &
L FTERE 5 0 7S A A AT IR B2 3 e s T
FTED 2 R AR B A AR A R e iR, AT ENIEI %
SR FLCMEU RN 7S A B P-T-P T AR &2 R B
JZEHGE TR LR PR AT AL (4
SRR I 2 A 22 AN FN 1%, B 5 (14 £ B AH 25 AN 5]
2°, MATENERIZE MR EFN AN M, S22 TPU 2
BB IR EZ 2 TR KIS, i A T-P-
THFTKRIZE J = FhEI L0, b J¢ 2 PLA-CF )24
TER B A A R RS . T ESTEN S
R FTENE S WA [R] B2 M AE AN D5 ] 6 AN [
AR B AN ) 1) b B I ) AR ) 3l
FHATERIE R E PERE A T AR . FTEREI SN
DA R B[R] 7 ] L F7 2k e 22 5 LA R, B S
HTE T s Ak, 51 SR e AR e, BN &
WFTRIZ 25 5 1 Wb bl G B 3\ S0 5, 27k
IS AR A M AR P BUE R PERERE K. 1H
7o B 2 [l (B B, A AT 3 v I A ) i S
A2 2Z R ZE A s . FTENRIZE NS fnt,
I 7 43 A 3405 H A5 R AT 388 s B AEA T ) g
R HLA B PR R . S RS2 o0 1200, 1
DR P A ST 1 A7 90° , 33 il (1 75 19X A 2 7 A2 v 25 i
N3, 55 2 s sl 1 AL B UV T, BRI N S A
AT AR 2 23 5 T A T AR 52 %

100 —=— Print pattern concentric circles
—e— Print pattern hexagon inside
—=A— Print the pattern grid

Shape recovery rate/%

75 1 1 1 |
6 8 10 12 14

Number of interlayer TPU layers/layer
6 ST B P-T-P AR S P RERE I
Fig. 6 Effect of filling pattern on shape recovery performance of print-
ed module P-T-P

96 —=&— Print pattern concentric circles
—e— Print pattern hexagon inside

%6 —=A— Print the pattern grid

Shape recovery rate/%

91 !

1 1
6 8 10 12 14
Number of interlayer PLA-CF layers/layer

7 B SRAATENRE T-P-T RIS P RS R
Fig. 7 Effect offilling pattern on shape recovery performance of printed
module T-P-T

2.3 TR EAZ EEMI IR AR R @
5 iR R AR TR T I B TR AR il AR . S
55 e PR HAL S BN A (T ER R 60 mmys, $TED[A]
FHE TR 100%, WAL 75 °C, Yk &2 IR
85 °C). TWHE T IR 4 90°, 135°, 180°HT 4T E[IfR
PRI R PERE , a5 R an & 8 A 9 i . Al 8
FE 9N LU Y, Bl T EQARAS il R BE A 34 i, TR AR
WA R TR FTERF P-T-P 25 il #f 2 M 135°
HOmME] 180°HF , AR MK &R T i fre b, #F J2 22 TPU
JEHCH 6 J2I HARSE 2 B, L 92.86% T %
F)77.03%. 4T EIALAY: T-P-T Bl 25 AL 5 i H
TE MRS R BB T BRI 3 (0T R R B
AN, AN AR BE AT BN T-P-T IR IR 2 %
HBTE 90% LA L= 32 R Ay Bl 5 2 i A B g3, 4T
BV XT PR 5 e DR R 40 4 ol /b T L
IAF R RE T, 13X 5k 20 T R R B 1 1 A BRI



126 AR

2025 4E, %5 53 4,45 8 1

25 A R G R 2 BB 45 2 8] 1 RS AT 5
BRENEREREAR . S INE MR TPURY, 1 T
TPU P Gf B o, 25 R 38 o o Mg 3 e 2
BN B L= il A BE AT BN T-P-T A AR K
SARTRKRIE

100

95

—=— Bend 90°
—e— Bend 135°
—4A— Bend 180°

Shape recovery rate/%

80

1 1 1 |
6 8 10 12 14
Number of interlayer TPU layers/layer
68 2 AR EE X TENBLL P-T-P IR S MERE Y 2

Fig. 8 Effect of bending degree on shape recovery performance of

printed module P-T-P
97

96

95

94

93

Shape recovery rate/%

—=— Bend 90°
—e— Bend 135°
—4a— Bend 180°

92

1 1 1

6 8 10 12 14
Number of interlayer PLA-CF layers/layer

9 A AR T BV T-P-T AR A PR i

Fig. 9 Effect of bending degree on shape recovery performance of

printed module T-P-T

2.4 ATPPik AT = B MR MR 6 a

FTERBE B 7E T BNt AR vh i 77 & 88 30
FPE RS, 1HE T 50, 60,70 mm/s =T B
XTFT BRI R S 1 g B 52 i), P4 HA S50
AFFTEREIZE PR TR 100% , WAL BE 75 °C, 25
Hi A 180°, YK A2 IR % 85 °C), 45 S an &l 10 A&l 11
Jis o BEE TR BEAU3E N, P-T-P I AR S %
W, 2 E 8 6~12 26T, 50 mm/s 5 60 mm/s
FRAT BB B R BRI R R 5 3 2205 i e )23
¥R 14 J20F, 60 mm/s 5 70 mm/s T BN BE R B4
AT A AR 228K o BLAF T-P-T W IR R B =
Bl T B 3 A 1 T 2 B S S R R R

88 —&— Printing speed 50 mm/s
—e— Printing speed 60 mm/s

—=4— Printing speed 70 mm/s

86

84

82

Shape recovery rate/%

1 1 1 |
6 8 10 12 14
Number of interlayer TPU layers/layer
P10 FTEDEREEE XS T ENRBLL P-T-P IR IRR S MERE 1) 2]

Fig. 10 Effect of printing speed on shape recovery performance of

P-T-P printed specimens

Shape recovery rate/%

—=— Printing speed 50 mm/s
—e— Printing speed 60 mm/s
39 —A— Printing speed 70 mm/s

38 | | | |
6 8 10 12 14

Number of interlayer PLA-CF layers/layer
P11 STERE R T EDBE ) T-P-T I IRPR I MERE 1 i)

Fig. 11  Effect of printing speed on shape recovery performance of

T-P-T printed specimens
TR R 60 mm/s B, #B44 T-P-T (TR 52 44
AU o FEAT B BT RIFT BN 5 LB R —
AP R, S5 SNZE M B PLA-CF B, 4TER
JE B i 2 (A il 22 A P, SRR 2R Yy
A7, T3 B LB (BB 2 | (A5 2 3%
A2 AR 10D AR 2 T FRARE . 55
A, E R TR B R 255 45 55 A5 A6 25 i S0
B2 B R 5 LR S & INZE MR TPU
B, TPU 55U iy ELAZE A ) 2 A v 25 7 A — S P i
J7, AT E R B A R s, 2 R G AR % DT B
TEARIR I ZEREAR
2.5 FBEMAT-P-TEP-T-P&yMIKk EHE4ExT b

B2 BRI R AR R X FL R . anfEl 12 iR
IR A E X AR S VERE 5 Mm , h R] S
R X FEE MR AG 5E E RE A S ) , 7 R T B o
TEARK Z BRI RZ M . FR & 12 n] A A T-P-T B
RIS R T ARk, i P-T-P JERAK 2 R A8 fk



EME K, AF 4D HTENZHON = RGBS PRI Z VERE 2 127

Grid Hexagon inside Concentric circles

T-P-T

P-T-P

90° 135° 180°

T-P-T |

P-T-P

50 mm/s 60 mm/s 70 mm/s

P-T-P

112 BT
Fig. 12 Comparison of shape change of module

KR TEMRZAET , SEAFT-P-T A L, P-T-P (1)
TEARIR 52 2 5 2 AT EN S H0E i HOE IR R 15 T
T-P-T; 44T EN SO U KIS RIS il BB, TR
W2 RARA AT — B, W PRI T AR 52 1 B
A AL RZ R o W 1 17 1] 8 2 s 1 A5 Ak
LA U NG T O R S TR iy (N}
FHEOCRWKEZ PEREREAS . 425 i A B R, 2 %)
B A LRI, 2 ] 23 7 A 0, S BUZ M2
GEA BE , AT RBORARMK E R IEAT . 2SI TR
JE b RS, 5 3 UM AL G 2 1T A FLBR RIS 2 X
SEER S M SR TR AR S PEfE . TPU FI PLA-CF
BRI Ik RBAFTE R 22 57, SSTEARHTER
E 7= AR R PR, 35k 6 PN 7 ) 5 B s s K
SEVERE , M ANE AR PLA-CF I, B 58 R4
R H. 5 2 255

3 Hig

(DEANZE BB RHE—E R E LR T TR
HITEARPKIZ PERE , 4 Je J2 )2 B0 AE 0~10 J2 R, 3T B
7 T-P-T B AR S SR IC KK P2l 03T BN {4 P-
T-P IR E R 218 1T, M2 %0 1025
P T-P-TIARMK AL A TF U6 T [, B 1F P-T-P YT ARIK
A RAT

(2)HIFEIRI G NS F I B AR R A f
o, TTSECTE 1 50 S I TR S AR el . T FE
FEO TR B A AL S F OB P-T-P B e J= TPU JZ
Ko, HIRARW A SR IR K Y3, i =Fh e
AR T-P-T BT AR IR S R AR B 45 e )= PLA-CF
JEBE N B B A R R

(3) ki 25 il R (Y3 i, P ARAT BN T-P-T
I P-T-P AR S AR A2 0 o, 257 2 oy
13538 Jin 21 180° M , 4L {7F P-T-P T AR K 52 58 4 2
BRORAE =RV A R BF T-P-T BRI R
PIRBUT B IR AR5 T 90%.

(4Rt T ELE A3 , BEPF P-T-P AT AR K
SN K AEFT ENIEUE T 50 mm/s IRHE IR IK
AU 5 M0 T-P-T W IR R B S T i J e
IR s FTEDERE by 60 mm/s FRHEARIK S 3R 54T

(5)it it P-T-P 5 T-P-T (IR S XS Lo
LA P-T-P AR S L RE 5 ZATEN S RN 2
W, 43T ERS B IRFE IR S 125 1 A BERT %) P-T-P
5 T-P-TIARK AL VERE R FZ A 7] o

2 % ok

(1] FFwR,XUFHZE, sk, % R0 R ARCAZ AR 4D $TER K
HCRFFEHERELT]. THRER R, 2021, 52(10):10 06910 074.

WANG Ruichen, LIU Xiujun, ZHANG Jing, et al. Recent progress
in 4D printing of stimulus-responsive shape memory materials[J].
Journal of Functional Materials,2021,52(10):10 069-10 074.

[2] AR, BRSCHI, skl , 45 S THE b 3 ) 07 A= W RESS F BT 5 31

WS REI] S A RRRL 5 TR, 2025(3):147-156.
LOU Hangfei, CHEN Wengang, ZHANG Wei, et al. Current status
and prospects of additive manufacturing in biomimetic energy
absorbing structures[J]. Composites Science and Engineering, 2025
(3):147-156.

[3] SHINDE S, MANE R, VARDIKAR A, et al. 4D printing: From
emergence to innovation over 3D printing[J]. European Polymer
Journal,2023,197. DOI:10.1016/J. EURPOLYMIJ. 2023. 112356.

[4] BT, 25 BRSCHI, 45 . 4D FT ETRI BT RACAZ A B KL
TSR 5 B [)]. Thfiedt B, 2023, 54(3):3 071-3 078.

QI Xin, LI Hao, CHEN Wengang, et al. Research status and pros-

pect of 4D printing stimuli-responsive shape memory smart materi-



128

AR

2025 4E, %5 53 4,45 8 1

(3]

(6]

[7]

(8]

9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

als[J]. Journal of Functional Materials,2023,54(3):3 071-3 078.
FEARBR VIR fLE S AD FTEMARICIZ R A KL Z A0 R
FABAF T IR RIS FH 2 R [7]. 1 R U5 Tl K 22 41, 2020, 52(6):
227-244.
WANG Linlin, LENG Jinsong, DU Shanyi. 4D printing of shape
memory polymers and their composites: Research status and appli-
cation progress[J]. Journal of Harbin Institute of Technology, 2020,
52(6):227-244.
ISLAM R, MAPARATHNE S, CHINWANGSO P, et al. Review of
shape-memory polymer nanocomposites and their applications[J].
Applied Sciences,2025,15(5). DOI:10.3390/APP15052419.
DIXIT G, PANDEY P M. Experimental investigations of
temperature-sensitive shape memory polymer composites for 4D
printing[J]. Journal of Thermoplastic Composite Materials,2025,38
(2):537-563.
T VRAERL, W 55 ADATENRRITIZ B 40 T RYFTEN T iR VB
25U AR [I] MRHS1, 2021,35(5):5 147-5 157.
FENG Ru, XU Yahui, HAN Hui, et al. Printing method, driving
mechanism, deformation mode and application of 4D printing
shape memory polymers[J]. Materials Reports, 2021, 35(5):5 147—
5157.
LUO L,ZHANG F H, LENG J S. Shape memory epoxy resin and
its composites: From materials to applications[J]. Research, 2022,
2022. DOI:10.34133/2022/9767830.
WANG F, JIANG M, PAN Y, et al. 3D Printing photo-induced
lignin nanotubes/polyurethane
Polymer 2023
POLYMERTESTING.2023.107934.
SESSINI V, SALARIS V, OLIVER-CUENCA V, et al

Thermally-activated shape memory behavior of biodegradable

shape memory

119. DOI:

composite[J].

Testing 10.1016/J.

blends based on plasticized PLA and thermoplastic starch[J]. Poly-
mers, 2024, 16(8). DOI:10.3390/POLYM16081107.

ZHANG B, LI H G, CHENG J X, et al. Mechanically robust and
UV-curable shape-memory polymers for digital light processing
based 4D printing[J]. Advanced Materials, 2021, 33(27). DOIL:
10.1002/adma.202170210.

WREH , BAAE, 5 BTV - SUIHE . 3DFTEY CAF/TPU A 418
W TSR] TR, 2025, 53(1):98-104.

CHEN Yanjun, ZHAO Dongmei, AIYITI Wurikaixi. Optimization
of process parameters for 3D printing CAF/TPU composite mate-
rials[J]. Engineering Plastics Application,2025,53(1):98-104.
SOLOMON 1 J, SEVVEL P, GUNASEKARAN J. A review on
the various processing parameters in FDM[J]. Materials Today:
Proceedings,2021,37:509-514.

WRDOR: . 3D 4T ERHARTESERL Tl Hh i3, FH ], 2RFRLHEE, 2019,
47(2):91-94.

CHEN Qinglai. Application of 3D printing technology in plastics
industry[J]. Plastics Science and Technology,2019,47(2):91-94.
CORAPI D, MORETTINI G, PASCOLETTI G, et al. Character-

[17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

[25]

[26]

ization of a Polylactic acid (PLA) produced by Fused Deposition
Modeling (FDM) technology[J]. Procedia Structural Integrity,
2019,24:289-295.

EAZROR . 3D T EN M St 2T i3 oif PR VRS 5 4 R 25 i PR RE BT
FEI]. BRI, 2019,47(11):40-43.

HU Jiarong. Study on bending properties of 3D printing continu-
ous carbon fiber reinforced thermoplastic composites[J]. Plastics
Science and Technology,2019,47(11):40-43.

BRI, 4558, % . FDM AL 120 %) PEEK/CGF &4 b1
RIS RN ]. TREIAR T, 2024, 52(1):64-69.

LI Jiuzhen, ZHAN Li, LI Wan, et al. Effect of FDM forming
process on warpage deformation of PEEK/CGF composites[J].
Engineering Plastics Application,2024,52(1):64—69.
AT, ARG SRS, A T FDM UL AR 4T B BE I
BUHCARBTTEHE IR D], PP R, 2025, 39(1):112-117.

WANG Shilin, ZHU Jiawei, ZHANG Peng, et al. Research prog-
ress in printing strength and molding rate based on FDM molding
technology[J]. China Plastics,2025,39(1):112—-117.

KECHAGIAS J D, ZAOUTSOS S P. An assessment of PLA/
wood with PLA core sandwich multilayer component tensile
strength under different 3D printing conditions[J]. Journal of
Manufacturing Processes,2024,131:1 2401 249.

WANG Guangpei ,HU Guodong ,LAN Jing , et al.Rational design
of one-dimensional skin-core multilayer structure for electrospun
carbon nanofibers with bicontinuous electron/ion transport toward
high-performance supercapacitors[J].Journal of Colloid And Inter-
face Science,2024,653:148-158.

WANG Fuji ,WANG Hongquan ,WANG Gongshuo , et al. Effects
of internal configurations and its processing quality on compres-
sive performance for 3D printed continuous fiber reinforced
composites honeycomb sandwich[J]. Thin-Walled Structures,
2024. DOI:10.1016/J.TWS.2024.112046.

2GS FETIRRICAZ R G WM B AR TE A HE R MRS BT e
fIFFE[D]. K « RIERE T R, 2020.

LI Yiwen. Design and research of programmable Poisson’ s ratio
lattice structure baseon shape memory polymer materials[D].
Dalian:Dalian University of Technology,2020.

SRIGET, Wk b 0, SR, 45 N RSl PET/ R /R AT 4k 5 5 b1
BHE IR AAL T[], TR, 2017,45(4):99-103.

ZHANG Xiaomeng, YAO Zhanyong, ZHANG Shuo, et al. Sensi-
bility influence analysis on PET/carbon black/carbon fiber
composite due to stress relaxation[J]. Engineering Plastics Appli-
cation, 2017,45(4):99-103.

YOUSUF M H, ABUZAID W, ALKHADER M. 4D printed
auxetic structures with tunable mechanical properties[J]. Additive
Manufacturing,2020,35. DOI:10. 1016/j. addma. 2020. 101364.
NAM S, PEI E. The influence of shape changing behaviors from
4D printing through material extrusion print patterns and infill

densities[J]. Materials, 2020, 13(17). DOI:10.3390/mal3173754.



