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Section S1. Fabrication of PDLLA-4NB:
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Figure S1. 'H NMR (300 MHz, CDCls) of the as-prepared four-arm PDLLA. The
PET hydroxyl protons are completely reacted to form 4-arm star-shaped molecules

based on the signal of PET methylene protons
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Figure S2. GPC of the as-prepared four-arm PDLLA macromer. The theoretical
number-averaged molecular weights (M,) of PDLLAs were approximately 10936

g/mol, which were very similar to the M, (9364 g/mol) with polydispersity index
close to 1.37 obtained by GPC.
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Figure S3. '"H NMR (300 MHz, CDCl;) of the PDLLA-4NB and four-arm PDLLA.
PDLLA-4NB had an end group conversion of 100%.

Section S2. Determining C* of the PDLLA-4NB:

The relative viscosity of norbornene-functionalized four-arm PDLLA chloroform
solution was measured with a Physica MCR 301 (Anton Paar, Austria) rotational
rheometer equipped with a Searle-type concentric cylinder geometry CC27 (ISO3219).
Samples were equilibrated at the temperature of interest for no less than 10 min prior
to the measurements. All experiments were carried out at 25 °C. At a constant shear
rate of 100 s’!, the shear duration of each measuring is 300 s for concentrations
between 4 and 100 mg/ml. In order to determining C* of the PDLLA-4NB, its relative
viscosity measured by a rheometer as a function of the polymer concentration is
plotted (Figure S4). C* of the PDLLA-4NB was estimated to 63.6 mg/mL (Figure
SS).
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Figure S4. The shear viscosity of norbornene-functionalized 4-arm poly(D, L-lactide)

as a function of polymer concentration.
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Figure S5. The determination of C* for norbornene-functionalized 4-arm poly(D, L-

lactide).

Section S3. Fabrication of SM-PN:

In glass mold, the gelation behavior also was examined under different light
intensities (Figure S6). Initiation at even far below 10 mW/cm? light intensity on the
mold surface results in gelation of the mixture within 20 minutes. To ensure a high gel

fraction, all samples were prepared in about 10 mW/cm? light intensity for 1 h.
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Figure S6. Gel behavior of the reaction system under different light intensity (l:
between the mold and the UV lamp) and time (t). (When the mold is at 20 cm from
the UV lamp, the light intensity of the glass (thickness is 5 mm) surface is

approximately 10 mW cm?)

Section S4. Fabrication of CP-SMP:

The four-arm PDLLA (25 g, 2.675 mmol) was dissolved in freshly distilled
dichloromethane (175 ml) under a nitrogen atmosphere. Upon cooling in an ice bath,
dry triethylamine (2.7 g, 26.75 mmol) and acryloyl chloride (2.42 g, 26.75 mmol)
were added dropwise and the mixture was stirred for 3 days at room temperature. The
precipitated ammonium salt was separated by filtration. The concentrated filtrate was
precipitated in a tenfold excess of cold methanol. The precipitation purification was
repeated 3 times. The product was dried under vacuum. PDLLA-4DA had an end
group conversion of 100% by 'H NMR (Figure S7).
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Figure S7. 'H NMR (300 MHz, CDCls) of the PDLLA-4DA and four-arm PDLLA.

The preparation of PDLLA-4DA and CP-SMP was shown in Figure S8. PDLLA-
4DA (5.00 g) was dissolved in chloroform (10 mL) along with the initiator DMAP
(0.50 wt% relative to PDLLA-4DA). A homogeneous solution was obtained by an
eddy mixer. The solution was injected to a custom-made glass mold that consisted of
two silanized glass slides with a 1 mm thick silicone rubber spacer placed in between
the glass slides (8 x 6.5 x 0.1 cm?®). The mixture was exposed to a UV light source
with 10 mW/cm? light intensity in a custom-made UV curing box for 20 min. The
cured samples (CP-SMP) were removed from the mold and then placed at room

temperature for 48 h. The samples were dried in vacuum oven at 60 °C for 24 h and

then at 80 °C for 12 h.




Figure S8. The preparation of PDLLA-4DA and CP-SMP (red circles are

multifunctional cross-links from radical polymerization of acrylate end-groups; blue

circles denote tetra-functional cross-links originating from the prepolymer.)

Section S5. Thermomechanical Properties:
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Figure S9. Evolution of the storage modulus (£’) and loss angle (tan 9) as a function

of temperature (at frequency 1 Hz) for SM-PN.
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Figure S10. Evolution of the storage modulus (£’) and loss angle (tan d) as a function

of temperature (at frequency 1 Hz) for CP-SMP.



Table S1. The crosslinking strategy, WHPH and reference of various SMPs.

Cross-linking

WHPH

No. Polymer systems Strategies °C) Ref.
Cross-linked poly(lactide) homopolymer or copolymer networks (A)
[1] SM-PN thiol-norbornene 9.9 Iilvélrlll(s
2] CP-SMP radlcal-chal.n- g.rowth 12.9 In this
polymerization work
[3] POSS-PLA hydroxy-isocyanate 8.7~9.4 1
oligo[(L-lactide)-ran- radical-chain-growth
[4] 13.9 2
glycolide]dimethacrylates polymerization )
[5] POSS-PLGA thiol-ene 14.1 3
[6] PR4t10tN radical-chain-growth 27.5 4
polymerization
[7] PR4(SIN rad;fj;gg?;%{;’:th 37.5 4
Thiol-X (X = norbornene, epoxy, maleimide, isocyanate and ene) polymer systems (B)
[8] 3T/DA thiol-ene 8.5 5
[9] 4T/DA thiol-ene 9.0 5
[10] thiol-epoxy polymers thiol-ppoxy 10.3-15.7 6
[11] ternary thiol-thiol-ene systems thiol-ene 12-17 7
[12] TMICN/BPADGE thiol-epoxy 23.8 8
[13] 4T/BMI thiol-maleimide 24.0 5
[14] 3T/BMI thiol-maleimide 26.0 5
[15] PETMP/HMDI/IEM thiol-isocyanate 26.3 9
[16] step-growth thiol-ene systems step-growth thiol-ene 12-30 10
[17] ester-free thiol-X resins thiol-michael and thiol-ene 20-30 11
[18] Thiol-norbornene material thiol-norbornene 9-38 12
[19] UPyA/PEGDA/PTME step-growth thiol-ene reaction 67.2 13
Copper(I)-catalyzed azide-alkyne cycloaddition and double click aza-Michael addition
polymer systems (C)
[20] | PETMP tetra-yne and BPAdiazide | COPPer(l-catalyzed azide- 15 14.
alkyne cycloaddition
double click aza-Michael
[21] | poly(amino ester)-poly(acrylate)s addition and radical 15.2 15
polymerization.
[22] phenolic cr(;zss-iﬂnked epoxy copper cs;[]zlll}(l)zazcll iféie-alkyne 288 16
tris(4-(1-azido 3-oxy propan-2- .
[23] | ol)phenyl) methane and propargyl copper catalyzed 'aglde-alkyne 399 17
. . . cycloaddition
functionalized novolac oligomer
propargylated bisphenol-F and a | copper catalyzed azide-alkyne
[24] L . 57.6 18
tris azide cycloaddition
AB copolymer networks (D)
[25] PDMAEt 16.5-22.3 19
[26] BA-co-PEGDMA 18.3-22.8 20
[27] M/E/P-co- BAE radical-chain-growth 19-23 21
[28] tBA/PEGDMA polymerization 24 10
[29] MMA-co-PEGDMA 22.5-26.3 22
[30] M/E/P-co- BA 23-32 21
[31] PDMABu 22.8-82.8 19




Semi-interpenetrating polymer networks (E)

[32] PMMA/PEG 28-32 23
[33] IPN-6 wt% 29.5 24
[34] IPN-4 wt% 34.7 24
[35] P(MMA-co-VP)/PEG ) ' 31 25
[36] PMMA/SPEG (A1) fadlczil'Cha{n'gFOWth 33 26
[37] PMMA/SPEG (A2) polymerization 4 26
[38] PMMA/SPEG (A3) 55 26
[39] PMMA/SPEG (A4) 54 26
[40] PMMA-PEG2000 semi-IPN 38.5 27
Some other polymer systems (F)

41 zwitterionic polyurethanes - 26.7-34.4 28
[ polyu

[42] MMA-co-PEGDMA radical-chain-growth 34-38 29

polymerization

[43] | perfluorosulphonic acid ionomer - 41.3 30
[44] poly(benzoxazole-co-imide)s - 41.1-50.8 31

Section S6. Shape memory performance:
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Figure S11. Typical uniaxial stress—strain curves at different temperatures (7, and 7T,

+ 20) for CP-SMP and SM-PN.




Table S2 Measured SME parameters of the SM-PN sample for six cycles.

Cycle (%) em(%0) &u(%0) (%) Ri(%) R:(%)

Ist  3.89 7030 7030 4.28 100.0 99.4
2nd  4.28 1023 1022 5.63 999 98.6
3rd  5.63 182.1 1819 7.01 999 992
4th  7.01 237.6 2374 1625 999  96.0
5th - 16.25 291.6 2913 31.53 999 944
6th 31.53 431.6 4313 6997 999 904

Table S3 Measured SME parameters of the SM-PN sample repeated for fifteen cycles

at the strain above 100%.

Cycle ex(%) em(%) &%) &%) Re(%) R, (%) Vi{%/°C)
Ist 1506 109.5 109.4 10.18 99.91 91.96 2548
ond  10.18 112.5 1123 1091 99.80 9929  23.88
3rd 1091 112.8 1127 11.17 99.90 99.74  24.69
4th 1117 1127 112.6 1126 9990 9991  26.06
Sth 1126 113.1 113.0 1141 99.90 99.85  26.06
6th 1141 112.8 112.6 1148 99.80 99.93  27.68
7th 1148 113.0 112.8 11.65 99.80 99.83  27.59
8th 11.65 112.6 112.5 11.68 99.90 99.97  27.97
9th 11.68 112.7 1125 11.80 99.80 99.88  28.07
10th 11.80 1124 1123 11.80 99.90 100.0  28.88
11th 11.80 112.8 112.7 1198 99.90 99.82  27.12
12th 1198 112.6 112.5 12.00 99.90 99.98  27.21
13th  12.00 113.0 112.9 12.14 99.90 99.86  27.59
14th 1214 1127 112.5 12.15 99.80 99.99  27.87
15th 1215 1127 112.6 1223 99.90 99.92  27.97
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Figure S12. Consecutive shape memory cycles for SM-PN at the strain above 200%
(b)yat Ty=T,=Tyand Tt = T, — 40.

Table S4 Measured SME parameters of the SM-PN sample repeated for eight cycles

at the strain above 200%.

Cycle &,(%) em(%) &%) &)%) Re(%) R (%)
Ist 0450 2162 2159 1045 99.86 95.36
2nd 1045 2194 219.1 10.94 99.86 99.77
3rd 1094 215.5 2153 11.17 9990 99.89
4th  11.17 2153 215.1 11.39 9990 99.89
S5th - 11.39 2152 2149 11.57 99.85 99.91
6th 11.57 2149 2147 11.77 99.90 99.90
7th  11.77 214.8 2145 11.94 99.85 99.92
8h 11.94 2153 215.0 12.10 99.87 99.92
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Figure S13. Shape memory cycle performance of CP-SMP sample at 74 = T} = T, and
Ty = T,— 40 °C as the increasing of the strain (Ist: R¢=100.0%, R, = 97.2%; 2nd: Ry =

99.8%, R, =90.3%).

Section S7. Stress relaxation isothermal tests:
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Figure S14. Stress relaxation and recovery of SP-SMP and CP-SMP at 1% strain at

T,



Section S8. The multi-shape memory characterization:

Table S5 A comparison of the triple shape memory performance of SM-PN with

representatively reported SMPs

Polymer systems R{(A—B) | R{B—C) | R(C—B) | R(B—A) Ref

SM-PN 867% | 99.1% | 100.0% | 100.0% | Mmthe
work
Bilayer epoxy 76.4% 96.4% 91.5% 98.5% 32
. 85%
1) 0 _
Bilayer polyurethane 80% 85% R(C—A) 33
Epoxy/PCL composites | 98.7% | 74.4% | 89.8% | 91.5% 34

AB-polymer network 63.0% 99.1% 96.0% 101.6% 35
Side-chain liquid 748% | 99.8% | 98.0% | 89.2% 36

crystalline
Semi-interpenclraling | 5540, | 9199, | 85.0% | 66% 23
polymer

SEBS/paraffin 65% | 8% | 99% | 99% 37
composites

Section S9. Multi-SME of semi-IPNs:

Fabrication of the representative P(MMA-co-MA)/PEG semi-IPNs: A
representative semi-interpenetrating polymer network (semi-IPNs) was prepared by
crosslinking of MA (4.3 g) and MMA (10 g) in the presence of 0.5 wt% AIBN, 0.5 wt%
ethylene glycol dimethacrylate as a cross-linker and 20 wt% polyethylene glycol via
radical polymerization. Nitrogen was bubbled through the reaction mixture for 15 min
to remove any oxygen from the system, and the mixture was then injected into the
space between two glass plates separated by silicone rubber spacers (1 mm thick).
Polymerization was carried out at 55 °C for 24 h. All specimens were annealed at 120
°C for 30 min to ensure complete polymerization and then dried under a vacuum at 60
°C for 3 d to remove any unreacted monomer. Thermodynamics properties of SM-PN
were characterized by DMA (Figure S15) and differential scanning calorimetry (DSC)
(Figure S16).
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Figure S17. Tunable multi-SME of the representative P(MMA-co-MA)/PEG semi-

IPNs. a) Multi-staged shape recovery at Tq = 78 °C, Tr = =5 °C and multi-staged 7

from 10 °C to 78 °C. b) Quadruple-SME with Ty = T;3=78 °C, Ty =T = T, =35 °C,

Td3:Tf2:Tr1:25 °C and Tf_;

95.9%, R(D—C): 96.7%, R(C—B): 98.8%, R(B—A): 82.3%.
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