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F1 REEHRREHTRT,
Tablel Tn,and Tgrange for different aliphatic polyesters

i 7 5% 2% i Tu(°C) To(C) 22 3CHk
(L-FLAR)PLLA 174 61 [25]
PDLLA - 54 [26]
PGA 220 45 [27]
PPDO 110 -15~-8 [28]
PPDL 97 -27 [29]
PBS 116 -37 [25]
PCL 60 -60 [25]
PHA (PHBV)? 161 0 [30]
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Figure 1 (a) The 20 s recovery process of PPDO-PCL multiblock
copolymers  samples under 40°C after being stretched to 200% and got

a knot. (b) The shrinking recovery process of PPDO-PCL fiber in an
animal would around body temperature’¥
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Figure 2 The recovery process of PPDOgo-PTMEG;-85/15 at —20°C
(@) and —6.5°C (b), respectively™
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Bl 3 (M%) (a) PBSEGICNTSE A4 KW il % (b) PBSEGiok-3/CNTos B4 HL T A EE IR 75 (C) PBSEG10k-3/ CNT 10/ 5 7F 60 VHLE T 119
[ 52 21 A MBS BB 3 2 (d) PBSEGok-3/ CNTos AESRERAE H SRR T2 [0 42 s Y

Figure 3 (Color online) (a) Preparation scheme of PBSEG/CNTs nanocomposites. (b) Transmission electron microscope (TEM) images of
PBSEG;0k-3/CNTos. () The electro-induced recovery process of PBSEG;ok-3/CNT1 under 60 V recorded by infrared thermal video camera. (d) The
local shape recovery process of a flower-shape film of PBSEGok.2/CNTos ™!
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Figure4 (Color online) (a) Switching segments linking netpoints; (b) side chains as switching segments; (c) functional groups as molecular switches
capable to reversibly form a covalent bond; (d) ABA triblock segments linking netpoints®®
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Figure5 (Color online) Series of photographs illustrating the triple-shape effect of a fastener device prepared from CL(50)EG consisting of a plate
with anchors as demonstration object. (a) Temporary shape A at room-temperature; (b) second temporary shape B around Trig; (C) permanent shape C

at Trign™
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Figure 6 (Color online) (a) The preparation and structures of PPDO-BF, PTMEG-BF and PPDO-PTMEG co-networks. The triple-shape memory

process (b) and self-healing (c) images of PPDO-PTMEG co-networks™
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Figure7 (Color online) The preparation of PCL-PTMEG dynamic network and its triple-shape memory and self-healing effects™
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Figure8 (Color online) The preparation of MBpyPPDO-Fe dynamic network, sol-gel transition and its shape-memory effects’™”
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FE AR - 25 i i 7 2R T PCL A4 BIF 52+ 0 15 BK.
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(B9 2 5. Lendleinift i 21 1% 3+ (1) PCL-PPDL 38
2%, 38 1 Se s TR T 3 PBSHIPCLYG 5 2 kAT
i En, SRIE PRSI AN EEBL G ST, T
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A 4 b Be o TR, dEm R R G YL AR
1 2 AR AL i fa] s Al B A A8 156 Fn 3 5 %6 5 6 W
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fetk. TR R B B A LR A YT Bk | R
VIR ZE P, L SMPsTE AL ¥y 2= FH M RS 14 o 2 3%
P EEM, HATC A BT AL ALY 25
Bl F R ET | minsr . H4UB ek
8 S SR RO B TR OB )y L SR,
Bt BEI7 BR B KR, BT TR AR CAZ A BEE i R
AETH TR, B A G R R A WA
WIT 5EETHAR, @S AWHERIT kBT R 5] )
By . ZIEERH AISMPs, DLl & 5T 22 40 38 it
AR B R



iE R

P PCU
PPDO CHO),

75°C

W =N
\ =0
H-N
(gru,
0
N\
Wil = Y Nu
H-N
0
H-N
CH,
$
PCU/PPDO IPNs I = HDI

B9 (M4 IR {0)PPDO-PCURZ K 7 44 4% 4 1 HL 28 I 28 G AR A ) 455 5 M s 7 1169
Figure9 (Color onling) Synthetic approach to the PCU/PPDO IPNg'®

%%k
1 Huang W M, Ding Z, Wang C C, et al. Shape memory materials. Mater Today, 2010,13: 54-61
2 Behl M, Lendlein A. Shape-memory polymers. Mater Today, 2007, 10: 20-28
3 Lendlein A, Kelch S. Shape-memory polymers. Angew Chem Int Ed, 2002, 41: 2034-2057
4 Mather PT, Luo X, Rousseau | A. Shape memory polymer research. Annu Rev Mater Res, 2009, 39: 445471
5 LiuC, QinH, Mather P T. Review of progress in shape-memory polymers. J Mater Chem, 2007, 17: 1543-1558
6 XieT. Recent advances in polymer shape memory. Polymer, 2011, 52: 4985-5000
7 HulJ, Zhu Y, Huang H, et al. Recent advances in shape-memory polymers: Structure, mechanism, functionality, modeling and applica-
tions. Prog Polym Sci, 2012, 37: 1720-1763
8 LengJ Lan X, LiuY, et al. Shape-memory polymers and their composites: Stimulus methods and applications. Prog Mater Sci, 2011, 56:
1077-1135
9 Lee K M, Knight P T, Chung T, et al. Polycaprolactone-POSS chemical/physical double networks. Macromolecules, 2008, 41:
4730-4738
10 Bellinl, Kelch S, Langer R, et al. Polymeric triple-shape materials. Proc Natl Acad Sci USA, 2006, 103: 18043-180437
11 LeeB S, ChunB C, Chung Y C, et al. Structure and thermomechanical properties of polyurethane block copolymers with shape memory
effect. Macromolecules, 2001, 34: 64316437
12 Mohr R, Kratz K, Weigel T, et a. Initiation of shape-memory effect by inductive heating of magnetic nanoparticles in thermoplastic
polymers. Proc Natl Acad Sci USA, 2006, 103: 3540-3545
13 Kumar U N, Kratz K, Wagermaier W, et al. Non-contact actuation of triple-shape effect in multiphase polymer network nanocomposites
in alternating magnetic field. J Mater Chem, 2010, 20: 3404-3415
14 Xiao Y, Zhou S, Wang L, et al. Electro-active shape memory properties of poly(e-caprolactone)/functionalized multiwalled carbon

nanotube nanocomposite. ACS Appl Mater Interfaces, 2010, 2: 3506-3514

2131



a4 % B B 20164 7H Foe1Es F19#

15

16
17

18
19

20

21

22

23

24

25

26

27

28
29

30

31
32

33

34

35
36

37

38

39

40

41

42

43

2132

LuH, LiuY, Gou J, et al. Synergistic effect of carbon nanofiber and carbon nanopaper on shape memory polymer composite. Appl Phys
Lett, 2010, 96: 084102

Meng Q, Hu J. A review of shape memory polymer composites and blends. Compos Pt A Appl Sci Manufact, 2009, 40: 1661-1672
Zhang H, XiaH, Zhao Y. Optically triggered and spatially controllable shape-memory polymer-gold nanoparticle composite materials. J
Mater Chem, 2012, 22: 845-849

Lendlein A, Jiang H, Junger O, et al. Light-induced shape-memory polymers. Nature, 2005, 434: 876-879

Xie H, He M J, Deng X Y, et a. Design of poly(L-lactide)-poly(ethylene glycol) copolymer with light-induced shape-memory effect
triggered by pendant anthracene groups. ACS Appl Mater Interfaces, 2016, 8: 9431-9439

Lee K M, Koerner H, Vaia R A, et a. Light-activated shape memory of glassy, azobenzene liquid crystalline polymer networks. Soft
Matter, 2011, 7: 43184324

Yang B, Huang W M, Li C, et al. Effects of moisture on the thermomechanical properties of a polyurethane shape memory polymer.
Polymer, 2006, 47: 1348-1356

Huang W M, Yang B, Zhao Y, et al. Thermo-moisture responsive polyurethane shape-memory polymer and composites: A review. J
Mater Chem, 2010, 20: 3367

Kumpfer J R, Rowan S J. Thermo-, photo-, and chemo-responsive shape-memory properties from photo-cross-linked metal-
lo-supramolecular polymers. J Am Chem Soc, 2011, 133: 12866-12874

Han X J, Dong Z Q, Fan M M, et al. pH-induced shape-memory polymers. Macromol Rapid Commun, 2012, 33: 1055-1060

Albertsson A C, Varma | K. Aliphatic polyesters: Synthesis, properties and applications. Adv Polym Sci, 2002, 157: 1-40

Zheng X, Zhou S, Li X, et al. Shape memory properties of poly(D,L-lactide)/hydroxyapatite composites. Biomaterials, 2006, 27:
4288-4295

Zong X H, Wang Z G, Hsiao B S, et al. Structure and morphology changes in absorbable poly(glycolide) and poly(glycolide-co-lactide)
during in vitro degradation. Macromolecules, 1999, 32: 8107-8114

Yang K K, Wang X L, WangY Z. Poly(p-dioxanone) and its copolymers. Polym Rev, 2002, 42: 373-398

Focarete M L, Scandola M, Kumar A, et al. Physical characterization of poly(w-pentadecalactone) synthesized by lipase-catalyzed
ring-opening polymerization. J Polym Sci Pt B Polym Phys, 2001, 39: 1721-1801

Chan C H, Kammer H W. Thermal properties of blends comprising poly(3-hydroxybutyrate-co-3-hydroxyvalerate) and epoxidized natu-
ral rubber. Polym Bull, 2009, 63: 673686

Lendlein A. Biodegradable, elastic shape-memory polymers for potential biomedical applications. Science, 2002, 296: 1673-1676

Zini E, Scandola M, Dobrzynski P, et al. Shape memory behavior of novel (I-lactide-glycolide-trimethylene carbonate) terpolymers.
Biomacromolecules, 2007, 8: 3661-3667

Wang W, Ping P, Chen X, et a. Shape memory effect of poly(L-lactide)-based polyurethanes with different hard segment. Polym Int,
2007, 56: 840-846

Ping P, Wang W, Chen X, et al. Poly(e-caprolactone) polyurethane and its shape-memory property. Biomacromolecules, 2005, 6:
587-592

Wang W, Ping P, Chen X, et al. Polylactide-based polyurethane and its shape-memory behavior. Eur Polym J, 2006, 42: 1240-1249

Min C, Cui W, Bei J, et a. Effect of comonomer on thermal/mechanical and shape memory property of L-lactide-based shape-memory
copolymers. Polym Adv Technol, 2007, 18: 299-305

Min C, Cui W, Bei J, et al. Biodegradable shape-memory polymer—Polylactide-co-poly(glycolide-co-caprolactone) multiblock copoly-
mer. Polym Adv Technol, 2005, 16: 608-615

Yu X, Wang L, Huang M, et al. A shape memory stent of poly(e-caprolactone-co-DL-lactide) copolymer for potential treatment of
esophageal stenosis. JMater Sci Mater Med, 2012, 23: 581-589

Zhang J, Wu G, Huang C, et al. Unique multifunctional thermally-induced shape memory poly(p-dioxanone)-poly(tetramethylene ox-
ide)glycol multiblock copolymers based on the synergistic effect of two segments. J Phys Chem C, 2012, 116: 5835-5845

Huang C L, Jiao L, Zhang J J, et al. Poly(butylene succinate)-poly(ethylene glycol) multiblock copolymer: Synthesis, structure, proper-
ties and shape memory performance. Polym Chem, 2012, 3: 800-808

Huang C L, He M J, Huo M, et al. A facile method to produce PBS-PEG/CNTs nanocomposites with controllable electro-induced shape
memory effect. Polym Chem, 2013, 4: 3987-3997

Qiu Z, Ikehara T, Nishi T. Miscibility and crystallization in crystalline/crystalline blends of poly(butylene succinate)/poly(ethylene ox-
ide). Polymer, 2003, 44: 2799-2806

Qiu Z, Ikehara T, Nishi T. Melting behaviour of poly(butylene succinate) in miscible blends with poly(ethylene oxide). Polymer, 2003,
44: 3095-3099



iE R

a4

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59
60

61

62

63
64

65

66

67

68

69

70

Huang C L, Jiao L, Zeng J B, et al. Fractional crystallization and homogeneous nucleation of confined PEG microdomains in PBS-PEG
multiblock copolymers. J Phys Chem B, 2013, 117: 10665-10676

Huang C L, Jiao L, Zeng J B, et al. Crystallization behavior and morphology of double crystalline poly(butylene succinate)-poly(ethylene
glycol) multiblock copolymers. Polymer, 2012, 53: 3780-3790

Huang C L, Zeng J B, Jiao L, et al. Nonisothermal crystallization behaviors of biodegradable double crystalline poly(butylene succin-
ate)-poly(ethylene glycol) multiblock copolymers. J Appl Polym Sci, 2014, 131: 40940

Behl M, Zotzmann J, Lendlein A. Shape-memory polymers and shape-changing polymers. Adv Polym Sci, 2010, 226: 1-40

Behl M, Lendlein A. Triple-shape polymers. J Mater Chem, 2010, 20: 3335-3345

Zotzmann J, Behl M, Feng Y, et al. Copolymer networks based on poly(w-pentadecalactone) and poly(e-caprolactone) segments as a
versatile triple-shape polymer system. Adv Funct Mater, 2010, 20: 3583-3594

Zotzmann J, Behl M, Hofmann D, et al. Reversible triple-shape effect of polymer networks containing polypentadecalactone- and
poly(e-caprolactone)-segments. Adv Mater, 2010, 22: 3424-3429

Bellin I, Kelch S, Lendlein A. Dual-shape properties of triple-shape polymer networks with crystallizable network segments and grafted
side chains. J Mater Chem, 2007, 17: 2885-2891

Behl M, Bellin I, Kelch S, et al. One-step process for creating triple-shape capability of AB polymer networks. Adv Funct Mater, 2009,
19: 102-108

Wang L, Di S, Wang W, et al. Tunable temperature memory effect of photo-cross-linked star PCL-PEG networks. Macromolecules,
2014, 47: 1828-1836

Niu Y, Zhang P, Zhang J, et al. Poly(p-dioxanone)-poly(ethylene glycol) network: Synthesis, characterization, and its shape memory ef-
fect. Polym Chem, 2012, 3: 2508-2516

Zhang J, Niu Y, Huang C, et a. Self-healable and recyclable triple-shape PPDO-PTMEG co-network constructed through ther-
moreversible Diels-Alder reaction. Polym Chem, 2012, 3: 1390-1393

Wei M, Zhan M, Yu D, et al. A novel poly(tetramethylene ether)glycol and poly(e-caprolactone) based dynamic network via quadruple
hydrogen-bonding with triple-shape effect and self-healing capacity. ACS Appl Mater Interfaces, 2015, 7: 2585-2596

Zhang T, Wen Z, Hui Y, et al. Facile fabrication of a well-defined poly(p-dioxanone) dynamic network from metall osupramolecular in-
teractions to obtain an excellent shape-memory effect. Polym Chem 2015, 6: 4177-4184

Ahir SV, Tajbakhsh A R, Terentjev E M. Self-assembled shape-memory fibers of triblock liquid-crystal polymers. Adv Funct Mater,
2006, 16: 556-560

Chung T, Rorno-Uribe A, Mather P T. Two-way reversible shape memory in a semicrystalline network. Macromolecules, 2008, 41: 184-192
Lee K M, Knight P T, Chung T, et al. Polycaprolactone-POSS chemical/physical double networks. Macromolecules, 2008, 41:
4730-4738

Pandini S, Baldi F, Paderni K, et al. One-way and two-way shape memory behaviour of semi-crystalline networks based on sol-gel
cross-linked poly(epsilon-caprolactone). Polymer, 2013, 54: 4253-4265

Li W B, LiuY J, Leng J S. Shape memory polymer nanocomposite with multi-stimuli response and two-way reversible shape memory
behavior. RSC Adv, 2014, 4: 61847-61854

Behl M, Kratz K, Zotzmann J, et al. Reversible bidirectional shape-memory polymers. Adv Mater, 2013, 25: 4466—-4469

Gong T, Zhao K, Wang W X, et al. Thermally activated reversible shape switch of polymer particles. J Mater Chem B, 2014, 2:
6855—-6866

Meng Y, Jiang J, Anthamatten M. Shape actuation via internal stress-induced crystallization of dual-cure networks. ACS Macro Lett,
2015, 4: 115-118

Rodriguez E D, Luo X, Mather P T. Linear/network poly(e-caprolactone) blends exhibiting shape memory assisted self-healing
(SMASH). ACS Appl Mater Interfaces, 2011, 3: 152-161

Feng Y, Zhao H, Jiao L, et a. Synthesis and characterization of biodegradable, amorphous, soft IPNs with shape-memory effect. Polym
Adv Technol, 2012, 23: 382-388

Xiao L, Wei M, Zhan M, et al. Novel triple-shape PCU/PPDO interpenetrating polymer networks constructed by self-complementary
quadruple hydrogen bonding and covalent bonding. Polym Chem, 2014, 5: 2231-2241

Wischke C, Neffe A T, Lendlein A. Controlled drug release from biodegradable shape-memory polymers. In: Lendlein A, ed. Advances
in Polymer Science. Berlin, Heidelberg: Springer Berlin Heidelberg, 2009. 177-205

Neffe A T, Hanh B D, Steuer S, et al. Polymer networks combining controlled drug release, biodegradation, and shape memory capabil-
ity. Adv Mater, 2009, 21: 3394-3398

2133



a4 % B B 20164 7H Foe1Es F19#

71

72

73

74

75

76

7

78

79

80

2134

Serrano M C, Carbajal L, Ameer G A. Novel biodegradable shape-memory elastomers with drug-releasing capabilities. Adv Mater, 2011,
23: 22112215

Guo X, Li D, Yang G, et al. Thermo-triggered drug release from actively targeting polymer micelles. ACS Appl Mater Interfaces, 2014,
6: 8549-8559

Yang G, Wang J, Wang Y, et al. An implantable active-targeting micelle-in-nanofiber device for efficient and safe cancer therapy. ACS
Nano, 2015, 9: 1161-1174

Jung W C, Cho JW. Application of shape-memory polyurethane in othrodontic. J Mater Sci Mater Med, 2010, 21: 2881-2886

Langer R, Tirrell D A. Designing materials for biology and medicine. Nature, 2004, 428: 487—-492

Huang W M, SongC L, FuY Q, et a. Advanced drug delivery reviews. Adv Drug Deliver Rev, 2012, 1-21

Small W IV, Singhal P, Wilson T S, et al. Biomedical applications of thermally activated shape memory polymers. J Mater Chem, 2010,
20: 3356-3366

Liu X, Zhao K, Gong T, et al. Delivery of growth factors using a smart porous nanocomposite scaffold to repair a mandibular bone de-
fect. Biomacromolecules, 2014, 15: 1019-1030

Xue L, Dai SY, Li Z. Biodegradable shape-memory block co-polymers for fast self-expandable stents. Biomaterials, 2010, 31: 8132—
8140

Kratz K, Voigt U, Lendlein A. Temperature-memory effect of copolyesterurethanes and their application potential in minimally invasive
medical technologies. Adv Funct Mater, 2012, 22: 3057-3065



iE R

Shape memory polymeric materials based on
aliphatic polyesters
YANG KeKe, HUANG CaiLi & WANG YuZhong

Sate Key Laboratory of Polymer Materials Engineering, National Engineering Laboratory for Eco-Friendly Polymeric Materials, College of
Chemistry, Sichuan University, Chengdu 610064, China

Shape memory polymers (SMPs) have the capacity of memorizing a temporary shape and recovering their initial shapein
response to various external stimuli. As one of promising class of intelligent materials, it has attracted great attention
because of its potential applications in many areas, such as biomaterials and biotechnology, automotive industry, and
aerospace field. Aliphatic polymers play an important role in the molecular design of SMPs owing to its excellent
biodegradability and biocompatibility, and suitable thermal transition temperature range. This review focuses on the
recent progress of shape memory polymers based on the adiphatic polyesters such as poly(lactic acid) (PLA), poly
(p-dioxanone) (PPDO), poly(butylene succinate) (PBS), poly(w-pentadecalactone) (PPDL) and poly(e-caprolactone)
(PCL) and so on. From the view of architecture design, different systems are classified by block copolymers, crosslinking
networks and interpenetrating networks. The influence of architectural features on the shape memory behaviors is also
discussed. The block copolymers have been identified a typical mature system in design of dual-shape material, and the
crystalline aliphatic polyesters can be served as the netpiont or the molecular switch in a SMP, depending on its transition
temperature range among the binary systems. The thermoplastic feature of block copolymers endows an easy processibility.
The various architectures of crosslinking network meet the increasing demand of SMPs design. Constructing network with
crystallizable polyester segment such as PCL may achieve SMPs in one-way and two-way mode, and the stress-free
two-way mode can aso be realized by an elaborate architecture with pre-programed treatment. Embedding two segments
in one network may achieve a triple-shape memory effect, meanwhile, incorporating two segments in an interpenetrating
polymer network may result in a triple-shape material with improved performance. Recently, the SMPs based on
dynamic networks become the new trend, which may combine the self-healing with shape memory effect in one system,
and both dynamic covalent bond and non-covalent bond have been concerned. In order to fulfill the increasing
requirement of application, the SMPs with multi-shape memory effect, multi-responsibility and multi-functionality are
highly expected.

aliphatic polyesters, shape-memory materials, block copolymers, crosdinking networks, interpenetrating
networks
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