55 53 4,45 6 U]

T B @ o v H Vol.53, No.6 161
2025 4 6 J

ENGINEERING PLASTICS APPLICATION Jun. 2025

doi:10.3969/j.issn.1001-3539.2025.06.023

4D FTENFZAIRIB I B &R R 3t &

X, RS, RO, ARG, BRR, HIEEE, B
(LA E B WL TR0 TIPE Ay 3380045  2.) AR Tk K2 bl S hg=2kE )M 510006
3. v L EE RIS e A A B A W) Tall = i PR B o 1 4 P o p S8 28, M 510663)

FE . BIRITILE A W(SMP) 2 — £ F 204 4k A4, SMP 5 3D 3T AR M L5 40X T T 4D 3T e &7 AL 42 My 7T 4%
0 EIGAT A A AL A, AR T SMPH A 94D AT R, 3Rt AR A L AR B R A BR A
B TR A Ak B R 4 AT T AD ATER A R H AR IT N R . R AR R od
ik b B B RESEAE,EEALTADITP SMP AT it &, Ak, BT 2R S 3D TR LM EL 3D
IR St IR L, BT R E T B B F R A MG ST R Btk £ align B SMP B4,

KR : 4D ATFP ; 47 At AR ITIC R A4 s TR ARTTAC B 5 ey o A

hESZES. TB381  XEARIAAS: A XEHS:1001-3539(2025)06-0161-09

Research progress in 4D printed shape memory polymers
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Abstract : Shape memory polymer (SMP) is an important intelligent material. Through combination of SMP and 3D printing
technology, the 4D printing intelligent structure is endowed with adjustable deformation behavior and unique intelligent functions.
The common 4D printing technologies of the SMP were first summarized, including fused deposition modeling, stereolithography,
direct ink writing, digital light processing and selective laser sintering. Shape memory effect involved in the 4D printing was also
discussed. Then, the research progresses of 4D printing SMPs were emphatically introduced according to stimulus response types
such as heat, light, electricity, magnetism, humidity/solvent, etc. In the future, in addition to enhancing resolution of 3D printing
equipment and strength of 3D printed products, intelligent deformation should also be integrated with optical , magnetic, electrical
and other characteristics to develop high-performance multi-stimulus responsive SMP devices.

Keywords : 4D printing ; smart materials ; shape memory polymers ; shape memory effect ; stimulus response types
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Fig. 1 Difference between 3D printing and 4D printing
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oS MCBOE TR A A RE  OGIA S AB R R T LK E
85% M 2R BB o Ah , IR RE U575 5 B 4 M R LB AT
Z Il % A @A U 2ETE & EORE RN RS SR R
T A R AL Yang 25958 5 FDM % AR il % 7 5 F
PUR/SS(CBYE A #RHEY 3D FTERSEm B AR e A2 gk, 2
T CB R B CIEE AR 3D FTERARICIZ A B T i
G Em R PERE . K Ab TR RS 19 57 RHE SR BT AN
JEUR IS 160 s J5 7] 56 40k 2 B R 4G = 4Bk, 5L B Ae R
2575176 mW/em® [ SR AT Ll & RICA2 AT R o SR
FDM H AR 3 G T 48 40 BRI 16 5% M0, 35 0 57 SR04 4T B SR s
A R PUR JEARICAZ A4 78 o B P A I 7 A R e
£ AL NS A T2 10 FH R

I FE 60 5 PT LA 26 fih 2 DY i 137 4D T B 25 4 1) AR
& AR Aan ey BLAT 52 4% JUAATIEZ AR 9580 BB AR T 45 14 RE A PR
TR A LT e o SR AT IR — APk . Feng S50
Fe T — P HA m RO EEUE ARG HERE Y
IR A LB (WO, YRR T, YR BALINDE T, B o R
7 H IS B VRS €6 1 T2 07 8% 5 BB WO, 57T 45 4h
2R [EL Y SMP 1R 2 il 45 SMPC, AT I AJR i WO, , 44 K7
T-(FEBUNT 0.20%0) 8 AT LUE 33 2 £8P Ot 12 il 44
KA AR CARE RE 5 555 i 1 DLP 3 A R 45 F A []
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1) 4D FTENE B AL , S T AD 4T EJEARAR JE S5 48 (1l 3
M i . ZeWFSE R R, 1% SMPC 76 1 B2 T T h e s i
1000% , ZE = N4 1 200 IRBLAFFEER G A2 Wi, R i
KL BB 57 P 5 78 R S S TR 2 100% B9 TR [ 2
ZHIEAR 15 R4 514 99.82% Fi1 89.47% , I FLYE 50 Z Yk Al
WIIRICAZ G IR G AT e (R AH I, B YE B B J1 o Ah, e
LHMT RRGT ) , 4D FTERSE AL B (0 A R s €, 76 1] WO R X
AT ARG R & JC 46, TRIEHEE 30 s P9 [l &2 3 T g IR i
A B TS 4D FTEN TR A H
3.3 W i SMP

HL I — 3R S | A SMP LU T 3R 348 6 1A 240
2, 1T H R Sh AN R BT I ) A7 7 B 22 S et
FL 3L AR, 7 A ) R R R RO AT DX A
KEFET , BEYM SRR 22 5 a0 B 16 e ak
FEYORRIURL (L4547 58 A0 BRI R ANOKAT 45 R 2 5 SMP 1Y
SEHLMERT, BN, Wed SR HAG w2 A LRI A2 f oL BEL A
R BRI K LT 4E(Ag@CNFs)fE 5 HL RS PLA LR SLIR
il B P 40 2K 52 A RERD SMPC, T3R5 i 44 K 52 4 b e
TCAAT A 5 Ab B, HE AR5 08 B (OB B 5t 7 B0 T
6%) FITET HL S 3. (>2.1x10° S/m), 1% SMPC AJ LA H#E7E 78 K
FIRIEE T i 1 B A R LTI IR (4 4D FT EREY REZS#4) , 45501
5T R i 1 3D FTENHL G P2 0F . B, f 3E F PLA/
Ag@CNFs 9K & A M RHTENIY R REJe R #2510 1 vV, 0.1
A BHLIR I, Je 3 2R BE7E 15 s PIRGHE FF+ 3 80 °CJ5 H 3l
SKITF, T T H 5 e 452 R A 0.5 s N TR 3 2 3R
JeREER A, BEUE A 20 s PN F SIS g (I8, FRIM Pkt
RIS s fih 2 4 HEL WSS TEIRCAZAT M o 28U, Zhang 255
KT —Fh T DLP (4 5 A = W34 45 44 Y B i 17 4D $TER
SMPC, i% =BG 45 14 Lh 22 BE ik 44 K 45 (MWCNTs) 3 78T Ik
A2 B SR TN 0 TR T 2 5 bR R R A, O 9 R R 2K
(AgNW)VEy HL A i A AR 23 v 30 2ot 42 1) 3 Hh HL 370 1
NS R RO R R 52 S, 7 L I U AT AL T e 2 11
RO ZE 4, I FLHI 4% SMPC Z2 30 H A8 S 1T R e 2 g
GIPAEZ E37 8

E—2 4, T REASFE 4D T BN AR rh B = 4R
ARUAIAE SN 8T 52 BE £ 3028 I , Zhang %% T DLP
ARIFL T BB 4D FTEN 7%, A T 2 R A G AL B
A b 5 B I AR AE SMP F i A TR BT (A, S SMP KT
T EBNASTERE S o 30 3 R B A B A (AR £ R
AL R A SMP RN 5280 T &R A0 £, 40
L BRI AT . ST AU AD ATEME S 1 78
SMP P % IfI 5 iy AgNW W, 75 1 TR & )5 15 31— 2 /e
AgNW 20 J ) FL P 1 A K SMP 4728 2 38 B2 1Ay Al LA i
TP N B F R PR . 7E 0.6 A BRI R R L A
SMP 75 280 s A fE ¢ AR TE , LB EE N 2 1.2 A B, %
A SMP 7E 90 s N5t 5E 8 TR s #2 . A, 8 i A T
AgNW HL A ELEE BT ER 330 JR) 35 A RE 71 AT It 5> i 7 g A

A SMP T ASTE I BE 1o BN, # i A 5K SMP 43 4~ X
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V0, D0 X3 DO B A2 R A /N Y ] — FL s d e e X
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MR N 1) B B AR IE X Rl 32 8h AR TE SMP R FRBLER A R
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3.4 EEvf 5 SMP

Tl e oy — P E LA SR, T DAk & 6 B ARG
IS RS RE S AE o B [N SMP —FBEJE: 78 R R 25 ¥4 et
T T HEY B fh & SME™", 58538 o R AT [V 425
% SME fJ SMP'?, il % , 7E SMP H 5 4% il P UkE i %
SMPC SR AR AG R 54 | 3 e i SMPC EL 7E A Y =
AT RN 7T, AT T RIVETT & 254 ke & A e
AREAEIHLER NGATC . Ahangari %4 DU 4E AL — 4K (Fe,0,)
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MR IR FDM il s 9K 2 ARk, ShaSHUR 1T
455K Y PMMA 5 TPU (9Bt e 70: 30 B, IR 19
AZPERE, TPU M 354215 T PMMA SR , 1
Fe,O, KRS 1RGSR TR . 38 i WAROU Y
5 & BH Fe, O, 40 KSR 76 A W 3L AR Hh 58 &2 4380, (AR 52
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$20% 11 Fe,O, 49K G G AP RHERH 150 kHz Jir TR
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R AR A E I S 28 . B AR Fe,0, WUk 1 52 A7
T3 H ] 724 SMP (48N JINAARS , 8 43 Fe, O, JHUAT (14 i iy
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AR R R OB AR (91 52 36358 81 90% LA I, IF ALl &
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FERAE R 4 B B R

TE 53 4b — W WF 55 v, Zhang S5 38 o i A & 2600
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{9/ 13 SMPC, 3 I TAEHF 3D VST BN S5 4 40wt Ak He R
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M TS I RE AT IR A5 | 38 1 BROTASHUAE Fik
TR )57 IR A R A B FLR e Y AR TR B . AL 4D AT
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gEER 1.
4 HESRZE

4D FTEE —Fo B P B R, B 454 T 3D FTED
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FIHER I AR O R A5 H s D RE . B R R, Rl SMP
K HAZ A FBH(SMPC), & 4D 1B T B4 )i 43, B AT fiE
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R1 ADITEN SMPs HETR FHI 3D FTEN 77 i 5 B REMT AL
Tab.1 3D printing methods and smart materials used in 4D printing SMPs

Stimulus response types 3D printing methods Smart materials
FDM PLA/PCL blends "
Thermal response FDM EVAC/BMA-co-iBMA blends **
FDM PLA/HA composites !
SLA PUR/GO composites !
Light response FDM PUR/CB composites !
DLP Polyacrylate/WO, , composites ')
DIW PLA/Ag@CNFs composites
Electrical response DLP Polyurethane acrylate/MWCNTs/AgNW composites )
DLP Embedded polyurethane acrylate/AgNW !
FDM PMMA/TPU/Fe,0, composites **
Magnetic response FDM PLA/Fe,0, composites **
DIW PDMS/NdFeB composites !
FDM PUR elastomer/PUR hydrogel
Humidity/solvent response FDM Wood fiber biopolymer composites
SLA pH—responsive polymer hydrogel ")
DIW Triple thermo—responsive SMP/Fe,0, nanoparticles 7
Multi-response DIW PUR/PVC dual-layer structure !
FDM PLA/TPU/Fe,0,/CCF composites

B A RS I BT ) B, 7 20— A4 i 3D AT EN i i
HOFTERS L o AN A L T M S A T 55 R B
JRBSHAR , T 3D AT BN (4T B , ARMESE I 3D AT Ef
il it (R 2R S PR T 3D T ENRORTE TR
SOH AR, 3D 3T ENES 2 Z A R R B 3D §T
EfVRE it A 568 B2 0 K T MUSCRURE A, O EL 3D ATEN A 3%
FA% ) S, IX —HEPETE 4D FTED SMP 283 BbIF S N B BT
20, PG ZRRATEN )7 sUHTEIS BN 4D AT ENR A4S
g B AR SCHERER S M ML , S BAT EN SR RO O0 AL , AT 314
i PERERT 4D ITED SMP &4

4D FTEN SMP £AE 1Y) 53— A R 3 1oy BIL 45 Ay o
—, HHET R Z %0 4D FTE1 SMP #B & Hmi i 8K 5, JF HAESM 3
RIECT FUBE ™ A — SR SR A T AR A 8, X RSBy i A v
FAEARZ SR BRI . DR, R 4D T Y H AR50 1) o
HTETT R - r - D'-FE OG- 4K TR -pH 2 22 S SR By
[l FH B 22 F 0 )32 SMP 8 BEARTE FDL 7 (7 B~
PEAHLES G, LB AR AL e i) Z2 DI RE SR I 4D ATER . 1k
S, 4D FTE[] SMP Fu 17 i A1 O JLH R0 2= Lo, JF HL
ERASE A 1 SMP JC k™ A= R B AE T 9K Sy g, 3 26 e s s B 1)
T 4D fTEN SMP 7SS A T BYVFZ2 T o B0 o 3
18 TR IR AN R B[R], 5T B3 AT DL 3 X SMP 4 4
PR BT 2 FE 28 4D ATEN G MRS SR IX 7 I RE T o
M5 2, 4D FTE SMP 2 —ASHi M WFE 4k , (HAT b T 2 SR By
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e
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