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Abstract

Self-healing polymeric materials, designed to autonomously repair damage caused by external fac-
tors, are gaining prominence in sustainable materials research. These materials help preserve
product quality and functionality, extending the lifespan of products and reducing the environmen-
tal impact of plastic waste. Early research in self-healing materials predominantly focused on ex-
trinsic healing systems, which involve the incorporation of healing agents within the material.
These studies emphasized optimizing the release of healing agents to enable rapid repair. More
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recently, attention has shifted to intrinsic self-healing systems that capitalize on the material’s own
reactive properties and internal interactions. These systems offer the benefit of repeated self-re-
pair at the same damaged site, thanks to reversible chemical reactions and supramolecular forces.
This review provides an in-depth comparison of extrinsic and intrinsic self-healing strategies, high-
lighting their distinct properties. Additionally, it surveys various self-healing mechanisms and inte-
grates findings from cutting-edge research to offer a comprehensive understanding of the field.

Keywords

Self-Healing, Polymers, Extrinsic, Intrinsic

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1. 5|8

AR, i TRORHR PR IE A FRHES 1 A SAT b i DR R A, BRI A7 AN 2l B B fil 2 KR o
SR, XSt R KBRS T M E A1 m TR R ST N R R
PRl — & FLAE A AT R v e AR S B AR D RE . ik, TR Rels B 8 R A SRS s 47 1
HIER ARG, SERMEHIEHG G, SRR & T IR RO&1E12] .

HAB AR RIERIE T AR FHERE T, BIZAEYIAR RS B SRR ik SR [3]. 1 48,
ME BRI T RERE. 5EMERRL BB EMEAE 25U B R LR A e
XM BADCT LRI SNER IR Bl an B 1E SR A4 R HE 55 4% O A BT O 10 E BE 1 B, SR TALH B2 R
PERIDE S (P REAE L7 e s AR B 9 i 2 TP AR 20 2 N, A RGE K 1R B & (X A3 fin (4] il
RSN RGBS IR N A A A S B, BT IEREERR Y . RAE B2 R RHE
AL A B RE DT TS 7 4 NHE H RE R, (K2 BOM RHEME BEANAS P 2 TR A7 AE AL, X PR 1 JLAE
SEBRR I R A o R, T AT BB EARHN 7 T B AT, EAUA B TR SRR »
B 2 E AR A T 73 A (5]

WRiE AR, BREEMET 2 NIMERAAMR P 6], SMEM A EMEIRIBT Ik A5
BRG], IXEAE R R DR B B S5 TR X B A R . SRR S2 40T, S B 45 4
W, B BB RGN, BRI M. MR AR MRS IR EPGESCIL AR, H
HABE KA.

M2 T, AR BRI A FARs i) o] 38 S S AR B RE 7, RERG 12 JE o A BEAT RS 2 O ELAR
o AN RIS EERDIN, ATLE g, (REE R, ROIT R B E . AMER A B E MR
FAREPENLE)ELAE — Rt . Diels-Alder M. FSEAE TAELEM. it bk, AMEMABEMEEAT
IRIX B RGN F1. R0, KRR — D EORBhER: HURMGERE S BB R IR MR . X b
BUHIR T REMBEISZ A ZE . BRI 1 5 IR S W0 i 18] (R AR LA AT AR s U P, (HIX &
W PR SRR Eh I, BEMTHI S5 ARH B2 R RESI(T]

ASCAHRS T AMERAM AL A G ARHOHURI AR, IR i 15 BB EM BT GRS
H B Sk e 8] BT ) R BRI PR R ELB T, A SCB AR A A R RL  B B AT RHE
TFRAR BRI, I AHARMIN RS,
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IR R A — B I SO, T SEER AR BB . I RAE 5 b &1 AT s it Bk el OB R,
18 52 I DU 75 EAE IR 25 A T A R SE 8] o
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Figure 1. Microcapsule-based self-healing mechanism
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Cao 55 N[10]80H 7 — P T AW B i SE BR A B S T S G WRIA I 2 I Be s e B B IR « X PR
TEIRI R )2 546 4 ARSI R ] 0 75 3 2B 7 BNV RS IR T A o A B} R R AR AT N, TS T 7Y 1) A 28R
JUE R0 ] A S P AR TR SR, G TR 3R AL R RN Kk BE 18 52 2 1 X S I 2 BR AN LS. X P i
—MAEBLRETE 150°C FORFEFRRIE « SEIGE I, YUK -p A7 7E X2 i FE AT DA 9 FL T s B RO B2, 1 HL 565
GRRFE R GATLL, BUZIRFERI L1 2R HE E 1R . HAIRIE 835, tMESRMIRTER) 55%
P 85%.

Zhu Z N[N T s IRECIER LM (XLPE) KB 4k SRS 4a g ME AR IR 4k, )48 T —Fh S TRl 2 4
A XLPE HEEMEL. 1.0 wt% & B HMK3E/XLPE & &8k % R TR ZER XLPE K.
TR L 5 25 5 T U AT AE X IR 7 R B, AT TR K B Re &, PRUL R 3 R 40 ml LAk
MK . MK TE/XLPE B AMEIEE KM ZE, =25 TN N AN FERE IR I 2, (BRI
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[13]o SRMT, XIEAAI IR MG E —LEBkR o o i R B il B G JEAE SR o (g 7 AN 50, SX AT RES
BUREMEIR BRI E, EETETERABE. Wik, DB MRER, SRR R
TERGEREE , AT SZMA R BEAR TR RE[14]. 10 5, AR %E B B R Ik RIIE R e 12—tk L,
B FEAIIT 3 FH SRR R b 2 52 17 BCE ARG AT B T HE S B R BARAE 35N )iz N A 151

b) WMELERBRIER

WO LT 4 BB R B2 — R I BB EEOR, ER I RCE TE R 12 R0 B A 2T 4 s, HLEhidn
K2 Bs. SMPRDTRECZ IR, B BE R4S PERREUE SR, T 78 R 4 sl s i AL,
KO R BB 2. A SRR TE BB R, WO 4t BB E BOR BA T i 2G5 PR A B 12 R 2%
HK[16]o RIEARKIZ O AERE R FHRN L L 20 HR Y, TR AT 4E. ErESeft B EIEREM RIS,
AN XS RERHA B AL BE 3 i B RS2 [17]

Figure 2. Schematic diagram of liquid-core fibers (repair material)
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Audrey Cuvellier 55 N[ 16K H [Fl3HEH 47 22 BRI & 7 —Fh i3 22 2 E0E RS 2 o 204, Horp
7 = 5 VU (TETA) =5 H B T e =4 K H ik & S8 RAE B E R TR X RS A 4k 51 NE R
SAEWH, WRIHJFVERA AE G IR . UYURAAER S BN 9%, FAM AR 1Ltk Re A Bk
KL A YE S| NBIR LT EI i S AR, R IR PITERGIN T 69%. A RH W R BIIEAE B & 5153
fem, RUMEHRA—ERBBERE

An ZEN[I8IWFFE 73T 5 = H B bt (PDMS) 1) B S A% e AR 4 4 . 1R Le 204 DL 4% 15 (PAN)
ENANE, B[R E: YT 2 AR 0@ 3EE i PDMS AT H 3L - OSSR AR NI bk &
AR fE, AR ANE A AR GE R R R, AR IR AL R A A8 B R R FE I8 5 8 i A T BB S
fit. SiRKH, SHBBEA4ERNEE R T HA BB EAT R i 5 k.

BSA4E BB R ARG T — P, TR TR AW, RERXDE AR 7 IREN BB EME
() —LL R fRE, (AT SRTH M — Lok dl, F1 e BB, BEAIMEEE. WO L4 & T2 LLAE
ANFEAEE T fE S . B, FRRPERMAZE PR IOX SR b, DRSNS A BB EH
AR FE— 0 R AR FH[17]
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M EBEROR . HAPR BRI, X EERKE AT DL B SRR BRI S R A Bk, SEELE SE
RIRCR . XRERLER IR DRSS A AR U R A H 2 BN AT AT [19].
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Figure 3. Schematic diagram of the structure of microvascular self-healing material
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Toohey [14]5 N5 S5l i FH AN E I 2 4 DI S B2 R R G I AR AU iR 44, FLEhi il 3
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KL AT E HANTE, TG 0 & K

TUbKCE BB R BORIEH RV e 05 K A Ja SRDHEAT BB, B DM 2 1R o (IR, ROk B
PR HOR AT DAL B AR R0 07, angear. SRIGRIEERISE . LAk, BUIKE BB B ER T DL St 78
&, AMEEM R BES SR E KRBT, BB IRFBEYCR . MkE ABEREERKAZNE, R
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3. AMEBRRIEEMHE

ARAERY H 48 & (Intrinsic self-healing)#1 Kl 5 4MERY 5 18 & (Extrinsic self-healing)#1kB} FINE S AR B, &
—REFINBIEE RN, WEMEAR G 57850 546 H 0w 2l BB S M Dge k1], R A &G
ROV FEASFFERRL, KBRS AR, X LR R Re I SCULE & B &G AR R AV o T B A AR 1]
WA TS IR T AR L BB B ERE, RN S-SR 715 e e v
LB AT B S B T R SR — B R KR AR B @& R EMMEiZ.0. BT, %K
AR AR A R S B, O B AR BB E AR [21].

(1) WS BB E AR

BT ELAE I AESE O B SEILAAE BB B R B RS . WA T RIS A B R EA A
BAHHEAER . SREAERMNE AR

O ZBAHEAREH

SRRV AR RS A M B A EM RIS e —. ZEBEER, AR LR A
e R FE SR S, FIIENN). EO)MRE) R F. —HAMRMZIRz B R ERS, WA
JR B A 2 TR s T B B . SV SR S (5] 40 N-H---O 29 8 kJ/mol)it Ik T34 s (s . anl&l 4 Fr
AN, UK B S FE T 3 T S R B T SRR A, S R X AR A R T A s 4 B HERR IR
GRS, K, S TR & B A W m a0 e PR R AT B 42 52 RE ) I S A [ 22]
BEREE T AR B EM BN I R BUR, HEMREA BBEFIMEM. MESMFER N, 4
A, BETEEBBEMELINR 772K, REMEEAEYES . TR, 77 & U S 7
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Figure 4. Schematic illustration of hydrogen bond-based self-healing process
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Figure 5. Schematic diagram of the metal-coordination self-healing process
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Guo % N[20]4& T —F 4y 3K ZI% W HE(bPED/ K TG FR(PAA)/ K LI BEPEO)E &4, & K
Rt - COO - 1 - NH' - 2 [, B KEMERAE TR, %8 4m RGN0 ERE, PRk
F|T 27.5 MPa, TBIRMKRBER] T 770%, FHEAEERTEABBERTI. £ 0% EE T H
48 h 5, %S AP B AT R 2 R A9 B e A

{ER B T A S A2 A EAR A M ZE I U, S0 Tk 2 NI bt ke AT
PEHE) 1852 1 R FH %5 4 (28]

Q) N EEEER

L IS R R AR S T S R A, XA B E S BN IR S AT LU, AE
MM FEFIHAL RS B [30]. # LK AT S 5 IS S Ik R Diels-Alder R, XU
B RS . KRR T AP R AT LR AE BRI A R, TSI I BB, SRR S S
A TERE .

X E SR RTEM IR GURA B T2 BT AR . EATT LU T4 g e RiRE. A
B S E g%, DR PR A Atk . BRI ZE . BB R . T i S i A
FBTEM R RIS, AARIRI SR T AR R T 31 10 R LR

@O W"[i¥ DA B

DA (Diels-Alder) & ¥ /& —Fh L8045 5536 A2 IR A4 + 20 MBS B, 3R BFLE A 6
Fis. 5 HAILE: RS, DA RRAERDRH 6 b B B, S0 T LA I S A
A SRR Bl

Figure 6. The mechanism of DA bonds
& 6. DA IR NH IR REE

Ouyang %8 \[31]3ET- W1 [¥) DA $ANEE - FLARZ#4(DA-ZN-PU), JFR | —FhfE 80°C F RAm HE
SRR 12 M RE R AR R R RE . R DA BERNEE - ek 45 M ) 4% () DA-ZN-PU B fh i B Kt
PLHEE R IA 28.45 MPa, HEECRWIES] T 90.8%. ULk, Jlit 5] NFRIEGH (CIP) il 25 T — Flugh 284 & ik It
Pk 1) R Z B (DA-ZN-CIP-PU), AU B EERE, 3 7040 3 BAEAIE 92.6%.

TEIBRZ IhREME RIS AE A, Lian 25 0K 9,10- 50-9-52%- 10-1 4 JE-10- A 4L (DOPO)Y/E M FH I 51
ANZIRAR R, IR — R B B S B REPE RE XU BE AT R [32] 0 SR IZ AR 75 ZEAE I il
(150°C) F A ReSEIL MBS, AHFL G NS5 R I H A0 5 A e SRR, BE BB /E AAME FH NI o 2
BRI o X —FEA I R AR T AW AR P KBk, T B B2, AT SEII T v 285 PR T
Ao X5 NI K Z Dhae BT RHR AL T BN, dE— D4R 7 B 1E YRR .

DA LR SN BB E RGBT K34t 1 BB R IERl, I3 7 ARZ & o ot
REW) ZRE. B2 DA B—BRESRA ARk, Fik, BEBEERE. IREBEIR. hiEE
SRR A R FRAT T AR SR TR AR 4 55 D 77 19133 ]
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Figure 7. The mechanism of S-S bonds
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JZ o AR TR, R AR T IR ERE i ST JE 5 R 1 SR B R 13 1) R Bt 9 4h AR, SPTU
BN 3% SPTU-MVAIRIZME 85°C N 2 h J5, RRZEASMEE . BEEMEHOPURERETSR (R R
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Figure 8. (a) Reaction mechanism of imine bond synthesis; (b) Intermediate reaction mechanism of primary
amine-induced imine exchange; (c) Reaction mechanism of imine exchange
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BRI IRE PR NI RO ok 7 2RI 0 R, SR TE 7 e TR PR AR A . X B R IRE
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R4 AP TRENMMEANEIT & PRS2 N XEMRREE RN B ERE 80, BER&
T BRIT B I AR Rk [41].
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