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Photodirected 2D-to-3D morphing structures of
shape memory polycaprolactone/W,30,4 nanowires

composite film

Guangming Tian', Guangming Zhu", Shuogui Xu’, Ming Li’ and Renjie Tian'

ABSTRACT Shape memory materials possess programmable
complex and large deformations towards external stimuli,
which are particularly essential for their potential applica-
tions. For the transformation of planar two-dimensional (2D)
structures into complex 3D structures, the design of asym-
metric or bilayer thin sheets is usually required. In this paper,
we propose a facile strategy to achieve these complex 3D
structures that can be transformed to various pre-determined
shapes sequentially by laser-triggered site-specific deforma-
tions. The response of shape memory polycaprolactone (PCL)
to laser is realized by physically doping W30, nanowires into
the cross-linked PCL diacrylate matrix. When irradiated by
98 mW cm” laser, the pre-stretched PCL/W 30, film shows
an out-of-plane bending deformation due to the temperature
gradient and single-domain orientation on the thickness be-
tween the upper layer and lower layer. The bending rates and
amplitudes of the film can be tailored by adjusting the para-
meters of irradiation time, the film thickness as well as the
pre-stretch strain. Remarkably, the pre-stretched film can
automatically bend in more intricate complex deformations
by integration with kirigami cuts in planar. Finally, we de-
monstrate that by activating the dynamic transesterification
reaction within the same film, it can also achieve the 2D-to-3D
transformations. With these decent features, this kind of novel
PCL//W 30, film shows great potential in the field of bio-

medical devices or soft robotics.

Keywords: Shape memory materials, laser-triggered, tempera-
ture gradient, bending deformation, dynamic transesterification

reaction

INTRODUCTION

Shape memory materials (SMPs) are considered as a sort
of intelligent materials which could memorize the de-
formed shape and then recover to the original shape upon
external stimuli, such as heat [1], light [2], and electricity
[3]. Nowadays, SMPs have been applied in many fields
ranging from soft actuators [4], biomedical engineering
[5], aerospace [6] to flexible electronic devices [7]. Of all
SMPs, polycaprolactone (PCL) has gained ever-increasing
interest over the past decade [8-10]. For the semi-crys-
talline PCL, the switching temperature is generally de-
tined by its melting temperature [11], which in most cases
can be extensively tailored from the perspective of mo-
lecular architecture [12-14]. In view of its distinctive
merits, PCL has been given particular focus on various
fields [15-17].

However, many practical applications require PCL with
complex shapes and large deformations. Currently, the
origami and kirigami have emerged as a new technique to
create complex configuration from two-dimensional (2D)
sheets by accurately folding predefined creases or cutting,
and the past decade has witnessed surging studies on
applying origami and kirigami concept to the complex
shape morphing of PCL [18-20]. Besides that, the design
of bilayer thin sheets is also a promising strategy to en-
dow materials with 3D complex transformations [21-23].
The drawback of this method is that the layered struc-
tures cannot be fabricated using traditional ways, and a
strong enough adhesive force between the layers must be
guaranteed to prevent abscission during deformation. On
the other aspect, surface pattern is a good way to guide
the materials to undergo shape transformation into a pre-
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programmed structure [24-28]. Besides that, new surging
thermadapt SMPs can also transform a 2D film into
geometrically complex shape by combining solid state
plasticity and elasticity [29,30]. This method is favorable
and pioneering but cannot be remotely realized. Under
such circumstance, light is the most attractive choice
since it can be halted and resumed at any time [31]. The
light-responsive shape memory effect can be achieved by
incorporating the light absorbers into the cross-linked
networks. Many additives such as carbon-based materials
[32-34], dye [35], plasmonic materials [36,37] and WO,_,
nanocrystals [38] have already been proved as excellent
photothermal agents.

In this study, we conduct a comprehensive study on the
feasibility of using laser for the PCL 2D-to-3D transfor-
mation. To achieve it, we resort to thiol-ene reaction for
synthesizing PCL cross-linked network; the incorporation
of W3O, nanowires into cross-linked network endows
the composite films with light responsiveness. Specifi-
cally, we pre-stretch the PCL/W 30,y composite film to a
certain length above its melting temperature and then
freeze the internal stress. When a certain area of the
composite film is subjected to laser irradiation, the in-
corporated W40, nanowires absorb the light and enable
rapid temperature increase over the melting temperature
of PCL and trigger the upper layer contraction. On the
other hand, the lower layer of the composite film is still in
its glass state, thus actuating the pre-stretched PCL/
WOy composite film with bending deformation
(Scheme 1b). Further, we systematically investigate the
effects of laser intensity, film thickness and irradiation
time on the bending angles of pre-stretched composite
films. Based on the results of bending amplitudes and the
integrated kirigami technique, various complicated yet
predictable 3D configurations are obtained. Finally, we
demonstrate that the 2D-to-3D transformation can also
be achieved by activating the dynamic covalent bond
within the same polymer network. This photo-actuated
PCL/W 304 composite film has many advantages com-
pared with the reported materials, such as remote trig-
gering, 2D-to-3D transformations rather than 3D-to-2D
transformations, and large shape morphing structures.

EXPERIMENTAL SECTION

Materials

PCL diol with a number-average molecular weight (M,)
of 4000 was purchased from Shenzhen Esun Industrial
Co.Ltd, China. Acryloyl chloride, triethylamine (TEA),
pentaerythritol tetrakis (3-mercaptopropionate), and all
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other organic reagents were supplied by Macklin. Tung-
sten chloride particles (WCl;) were purchased from
Aladdin Reagent. Oligo poly(ethylene glycol) (PEG, M, =
400, PEG-400) was supplied by Macklin. Unless otherwise
stated, all the reagents were used without further pur-
ification.

Synthesis of PEGylated W30,, nanowires

The PEGylated W 504 nanowires were synthesized ac-
cording to the previous reported literature [39]. Typically,
WCl (0.2 g) was firstly dissolved in a mixture of 50 mL of
PEG 400 and ethanol with a volume ratio of 7:3. Then the
mixed solution was treated under ultrasonication and a
transparent yellow solution was obtained. The resultant
yellow solution was then transferred to a poly(tetra-
fluoroethylene) (Teflon)-lined stainless steel autoclave,
sealed, and treated at 180°C for 24 h. The resulting blue
precipitate was then subjected to centrifugation and wa-
shed with ethanol thrice to fully remove the surface PEG.
Finally, the precipitate (PEGylated W40, nanowires)
was dried in vacuum at 50°C for 24 h.

Synthesis of PCL diacrylate (PCLDA)

The PCLDA was synthesized according to our previous
reported literature [40]. PCLDA was obtained by end-
functionalization of PCL diol with acryloyl chloride. Ty-
pically, a mass of 20 g PCL 4000 diol was first dissolved in
60 mL tetrahydrofuran (THF) under ultrasonic vibration
until a transparent solution formed, and then 2.4 mL TEA
and 1.8 mL acryloyl chloride were added dropwise. The
mixture was then magnetically stirred for another 24 h at
room temperature, the byproduct was removed by fil-
tration and the polymer was precipitated in excess hex-
ane. The final product was obtained by vacuum drying at
40°C for 24 h prior to use.

Synthesis of the films with and without W30, nanowires
The PCL cross-linked network was synthesized by thiol-
ene click chemistry. Typically, the as-synthesized PCLDA
matrix (0.5g) containing different amounts of W3O,
nanowires (y wt% with respect to PCLDA) was mixed in
THF and constantly stirred for 45 min, and then the
tetrathiol cross-linker, photoinitiator (2 wt% 2,2-di-
methoxy-2-phenylacetophenone (DMPA) relative to
PCLDA) was added to the mixed PCLDA/W 4O,y solu-
tion and stirred for another 30 min until getting homo-
geneous. The mixture was subsequently injected into a
glass mold separated by a specific thickness and then ir-
radiated under 365-nm UV light. The obtained samples
were then vacuum-dried overnight. The sample without
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Scheme 1
deformation behaviors as well as complex 3D structures (b).

W 304 nanowires was described as pure cPCL. The
composite films containing y wt% W3O, nanowires
were marked as PCL-W 30,0-x for simplicity.

Characterizations

Fourier transform infrared spectroscopy (FT-IR) (DSOR
27, Bruck, Germany) was employed to capture the surface
chemical groups. The crystallization temperature (T,) and
melting temperature (T},) as well as the crystallinity of the
composite film were measured by differential scanning
calorimeter (DSC). The sample with a mass ranging from
5 to 8 mg encapsulated into a sealed pan was first heated
from 10 to 100°C at a rate of 10°C min ' under a nitrogen
atmosphere and held at 100°C for 3 min to eliminate the
prior thermal history, and then the samples were cooled
down to 10°C at a rate of 10°C min ' to record the
crystallization behavior and reheated to 100°C again to
record the melting behavior. The crystallinity of each
sample was calculated using the following Equation (1),
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Schematic illustration of the fabrication route for PCL/W 304 composite films (a) and the corresponding representation of bending

X(%) = (AH,/AH,") x 100%, (1)
where AHm0 is the theoretical enthalpy (136.5] gfl) for
fusion of 100% crystalline PCL. Enthalpy change (AH,,)
of PCL was determined from the endothermic peak.
Transmission electron microscopy (TEM) images were
recorded using FEI Talos-F200X instrument. Simply, a
drop of the sample dispersed in ethanol was dropcast on a
copper grid and dried in the open atmosphere to observe
the morphology of W3O, nanowires. Shape memory
cycles were tested using a Netzsch DMA 242E. The
sample was first loaded at room temperature, heated to
70°C, and then the sample was elongated to a certain
extension (e,) under a proper loading. The sample was
cooled to 0°C before releasing the loaded force, upon
which the sample strain was &g,q. Then, the force was
removed and the fixed strain of the sample was ¢,. Finally,
the sample was reheated to 70°C, upon which the sample
got recovered and the strain decreased to ¢,.. The shape
memory fixity ratio (Rp) and shape recovery ratio (R,)
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were calculated by the following Equations (2) and (3):
R¢ = €4/€4100a X 100%, (2)
R, = (&4 — &)/eg X 100%. (3)
Besides the stretching mode, a bending-recovery test
was also performed to characterize the shape memory
properties. First, a sample was bent into a U-shape at
60°C with an initial angle of 8, and the temporary shape
was obtained by cooling the sample to room temperature
under an external load. After the external load was re-
moved, the temporarily fixed angle was recorded as 0,.
Then the deformed sample was reheated to 60°C or ir-
radiated by laser to recover the shape and the final angle
was recorded as 8,. The whole recovery process was re-
corded using a semicircle meter. The Ry and R, were
calculated according to the following Equations (4) and
(5).
R, = (6,-6,)/8, x 100%, (4)
Ry = 6,/6, x 100%. (5)

A 532 nm laser (Oxlasers) with different intensity was
used to irradiate the site-specific composite film, and a
photo-radiometer (OPHIR NOVA II) was employed for

60 80 100
Size (hm)

Figure 1

testing the laser intensity. The increasing temperature of
composite films caused by laser irradiation was traced by
thermal infrared camera (Fluke Ti200). Light-induced
bending deformation was recorded by using a digital
camera in iPhone 6.

RESULTS AND DISCUSSION

Structural characterization of the as-synthesized W30,
nanowires

W 30,9 nanowires were prepared by hydrothermal reac-
tion. When ethanol was only used as the solvent, the
length of W30, nanowires reaches several micrometers
as shown in Fig. 1a, b and Fig. S1. Fig. 1c and Fig. S2 show
the elemental mapping of W30,y nanowires. Three ele-
ments, W, O, and Cl, coexist and are evenly distributed,
and the existence of Cl might be due to the unsound
crystal that has not fully grown. The as-obtained W30,
nanowires are too long for biological application and its
photothermal conversion would be influenced to a large
extent [37]. When the PEG-400 and ethanol are mixed
together with a volume ratio of 7:3 to prepare W3O,

Structural characterization of the as-synthesized W3O, nanowires and PEGylated W3O,y nanowires. (a, b) TEM images of W3O,

nanowires. (c) Element mapping. (d, e) PEGylated W30,y nanowires; inset shows the size distribution. (f) HRTEM image; inset shows the XRD

spectrum. (g) Element mapping of PEGylated W30, nanowires.
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nanowires, the length of nanowires sharply shortens to
about 70 nm (Fig. 1d, e), which is favorable for photo-
thermal conversion and their biocompatibility properties.
In the inset of Fig. le, the size distribution of PEGylated
W50, nanowires is mainly in the range of 50-90 nm,
which is in line with the data obtained from TEM image
of Fig. 1d. High-resolution TEM (HRTEM) image of a
single nanowire is shown in Fig. 1f and the distance be-
tween the adjacent lattice fringes is 0.361 nm, in good
agreement with the lattice fringes of the (010) plane of
WOy crystals, indicating that the PEGylated W3O,
nanowire grows along the 010 direction [39]. The grow-
ing direction is in line with the crystal plane of (010) at 26
= 23.12° obtained from the XRD pattern (Fig. 1f inset).
Fig. 1g shows the elemental mapping of PEGylated
W30, nanowires, where W (yellow) and O (green) co-
exist with even distribution. Besides, the FTIR in Fig. 2a
confirms the presence of PEG ligands on the surface of
PEGylated W 30,4 nanowires. The characteristic band at
about 3450 cm ' is attributed to the stretching vibration
of ~OH group in PEG-400 or absorbed water [41]; at the
same time, the new transmission bands at 2852 cm ' and
2922 cm ! are respectively ascribed to the stretching vi-
brations of methylene (-CH,) units in PEG-400 chain,
and the band at about 1097 cm ' is corresponding to C-
O-C stretching vibration coordinated to metal cations,
which shifts about 9 cm ' to lower wavenumber com-
pared with the IR spectrum of pure PEG-400 (1116 cm ),
further proving the formation of the chemical bonds
between inorganic WO, nanowires and PEG-400.
Consequently, it can be concluded that there exist PEG-
ligands on the surface of W40, nanowires, suggesting
the successful preparation of PEGylated W3O, nano-
wires.

Characterization of PCLDA/W,40,, nanowires composite
film

As shown in Scheme 1a, PCLDA matrix, blue PEGylated
W50, nanowire precipitate and tetrathiol cross-linker
could be photopolymerized upon 365 nm UV irradiation.
For the characterization of PCL diol and PCLDA, we used
the FTIR and 'H NMR to illustrate the modification of
the active double bond. Compared with the spectrum of
PCL diol in Fig. 2a, the new absorption bands at 813 and
1635 cm ' in the spectrum of PCLDA are assigned to the
C=C bond, suggesting that the carbon-carbon double
bond is successfully grafted onto the end of PCL chains
[42]. Meanwhile, the characteristic hydroxyl peak in PCL
diol at 3540 cm " is totally consumed during the forma-
tion of PCLDA, further demonstrating the reaction of
hydroxyl in PCL diol with acryloyl chloride. The FTIR
spectrum of PCL/W 30, composite film shows that the
C=C stretching peak at 1634 cm ' almost disappeared
after photopolymerization, indiating that the PCLDA
underwent a high degree of cross-linking reaction. Also,
after introducing PEGylated WO, nanowires into
PCLDA matrix, the C=0 stretch peak shifts slightly to
lower wavenumber. 'H NMR (Fig. $3) in the range of
5.8-6.5 ppm also confirms the existence of C=C bond,
which is consistent with the previous report [43]. Here,
the acrylation in the PCL diol affects the crystallinity and
the ultimate performance of the materials [44]. After
PCLDA was successfully photo-crosslinked, we used the
gel fraction of samples to reflect the degree of acrylation
(Table S1). If the two ends of PCL diol are not linked by
C=C bond, the gel fraction test will dissolve this part of
molecules. The test shows that the values of all samples
were nearly more than 80%, indicating the formation of
sufficient cross-linked netpoints in composite films. This
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Figure 2 Characterization of the composite films. (a) FTIR image of PEG 400, PEGylated W 30,4 nanowires, PCL diol, PCLDA and PCL/W 30,
composite film. (b) DSC image of pure cPCL and its corresponding composite films. (c) The melting temperature, crystalline temperature, crystallinity
for PCL/W 3404 nanowires composite film with various PEGylated W30,y nanowires loading contents.
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result evidences that the reaction of PCLDA with tetra-
thiols proceeds to a high conversion.

The melting temperature (T,) and crystallization
temperature (T.) of the composite film were characterized
by DSC. For semi-crystalline shape memory PCL, T,, is
generally considered as T, to trigger the shape change.
T, and T, (Fig. 2c) were both calculated from the peak
top of the DSC curves in Fig. 2b. The results show that
increasing the content of PEGylated W 3,0,y nanowires
could lower the T, of composite films. Meanwhile, T,
decreases to 21.7°C, and then increases with the incre-
ment of PEGylated W3O,y nanowires to 5% due to the
confined crystallization and heterogeneous nucleation.
When the content of nanowires increases from 0.5% to
5%, the W ;O nanowires might exert a physical re-
striction on the chains’ mobility, which leads to the re-
duction of T.. On the other hand, as the content of
PEGylated W 30,4 nanowires continues to increase, they
may act as an efficient nucleating agent to accelerate the
crystallization, which results in an increasing tendency of
T. [45]. Besides, the crystallinity (X.) increases from
33.97% to 38.86%, indicating the good compatibility of
PEGylated W 304 nanowires with cPCLDA.

Photothermal behaviors of the PCLDA/W,40,, nanowires
composite films

For the photothermal behavior of the composite films, we
first characterized the optical property of the W3O,
nanowires using UV-vis-NIR spectroscopy. As the surface
of the PEGylated W 30,9 nanowires has been modified by
many PEG-400 ligands, PEGylated W ;0,9 nanowires are
hydrophilic and could be soluble in water with stability.
Fig. 3a and inset show that the aqueous solution of na-
nowires displays a blue color and has a strong absorption

in the UV and NIR region with the spectrum similar to
the previous reported W3O,y nanowires [38]. The strong
photoabsorption of PEGylated W30, nanowires enables
us to investigate the photothermal effect in the composite
film. As seen in Fig. 3b inset, the cross-linked films pre-
sent deep blue color as the content of nanowires increase.
And the SEM images (Fig. S4) show homogeneous dis-
persion of nanowires in the PCLDA matrix. Then we
studied the effect of the content of W,,0,, nanowires and
laser intensity on the temperature of the film surface. As
shown in Fig. 3b, the pure cPCL basically has no response
to laser at all, the composite film with a low content of
0.5% W 304 nanowires shows a high photoabsorption,
and when the content of nanowires increases from 0.5%
to 2%, the corresponding surface temperature increases
from 54.3 to 69.5°C. However, the surface temperature is
almost independent of the nanowire concentration with
further adding of 5% nanowires, because too many na-
nowires gathering on the surface of the film could absorb
a lot of heat, but at the same time, dissipate a large
amount of heat, leading to the photothermal balance, and
thus the W30, nanowire content has a slight effect on
the surface temperature of the composite film. Fig. 3c
shows that higher laser intensity could lead to a faster
temperature rise. At the same time, we note that the
localized temperature of the films can be raised to above
60°C upon laser irradiation, which reaches the melting
temperature of PCL and therefore can trigger the shape
recovery and deformation of the films.

Shape memory properties and photodirected
programmable deformations of the films

To characterize the heat-induced shape memory beha-
viors of the films, the PCL-W,50,,-2 was performed with
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Figure 3 (a) UV-vis-NIR spectra of PEGylated W 30,4 nanowires aqueous solution at a concentration of Img mL . (b) Temperature-time curves of
films with different loadings of nanowires under the irradiation of laser with the intensity of 98 mW cm 2 (c) Temperature-time curves of the PCL-

Wi5049-0.5 film with different laser intensities.
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dynamic mechanical analysis (DMA) stress-controlled
programming mode test. Fig. 4a presents a representative
curve of PCL-W 404-2 sample (one cycle), with shape
fixity (R;) and shape recovery (R,) values of 98.3% and
96.1%, respectively. Also, the cycle-to-cycle quantitative
assessment verifies the robustness of the composite films
(Fig. 4b), with no visible overall strain shift even after four

shape memory cycles. This excellent shape memory
property enables the film to be employed for repetitive
shape memory processes. We attribute the advisable
shape memory processes to a well-defined network ar-
chitecture designed by highly selective thiol-ene reaction
[46]. Considering the following photodirected bending
experiment, we also conducted the shape memory prop-

80 0.8 35
@ 35| ——strain  ——Temperature - - - Stress b —sStrain == Temperature, Stress 70 25 Cc
S ¢ 170 10.7 I N |1 B A2
| i 30 ' ! ! 100
30 60 — o~
160 106 2.0 e~ T
| ) 251 [N
280 [ ) €150 {0.5~ 9150 =_80] |8 R =R by heat
. 9] £ = 7 o : R by laser
& 20} 2440 @4\2/520 g 40 1-5\%@1
c o o S ] © o X !
T 15 g-so-o_sggﬁ 8430 10@860 !
@ = ZRTY 5 Oy
10t 120 {0.2 =120 40
sl {10 0.1 51 10 105 i
vt B st 1o {00 o; 0 20 —
0 1 ! ! ! ! T T T T T T 00 T T T T T T T
0 20 40 60 80 0 50 100 150 200 250 300 1 2 3 4 5 6 7
Time (min) Time (min) Cycle number
d Applying force Stress stored Localized heat
- =
ll i Il (i A
N Local contraction
L=\ I I
23 . ~I\l i
\ 7 Heating Cooling \ Laser on L]
\ - T>T Crystallization ||| If Y/ | )
/. \\\l = - -~
Original shape l l \ U I \ I I
= W,,0,, NanOWires Elongated shape T>T, Bending actuation
. ~~— PCL amorphous T<Ty
= PCL crystalline
f 9
1501 150 .
1201 !
120 120
o < o .
[0) k%) Q
2 o4 2 904 2 %0 :
®© © o
2 2 £
35 5 604 S 60
S o L
T 401 x 3
= 301 = 30
04 04 0 |
0 2 4 6 8 10 12 14 16 18 02 03 04 05 06 07 0 50 100 150 200

Irradiation time £ (s)

Thickness (mm)

Pre-stretch strain (%)

Figure 4 (a) Thermo-induced shape memory effect of the PCL-W 40,4,-2 film with one cycle experiment. (b) Consecutive shape memory effect with
four cycles. (c) Four cycles of PCL-W,40,-2 film being bent into a temporary U type, and recovered upon heating at 60°C or 98 mW cm ~ laser
irradiation. (d) Representative mechanism of laser-induced bending deformation of pre-stretched shape memory PCL/W 30,y nanowires composite
films. (e-g) Parameters involved in folding angle with a laser intensity of 98 mW cm °. (e) The effect of irradiation time on folding angle; inset shows
the real-time pictures of PCL-W30,,-2 film with a thickness of 0.3 mm. (f) The effect of thickness on max folding angle with the pre-stretch strain of
200%. (g) The effect of the pre-stretch strain on the folding angle of the PCL-W 30,492 film.
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erties based on the folding mode tests. As seen in Fig. 4c,
both R; and R, are nearly 98% with increasing cycle
numbers; however, when the temporary U shape is irra-
diated with laser rather than heat to trigger its shape
recovery, the R, decreases to 88.5% after seven cycles. We
ascribe this decreasing tendency to relatively small size of
laser spot that cannot guarantee the entire irradiation
when compared with heat. Therefore, the desirable shape
memory properties of the composite film are ascribed to
the excellent cross-linked network and the excellent
photothermal conversion of the PEGylated W,,0, na-
nowires.

As we demonstrate so far, the pre-stretched film can
not only achieve the shape memory effect under heat and
laser, but also lead to a programable deformation upon
irradiation at site-specific regions. We further proposed a
possible mechanism to illustrate this. As shown in Fig. 4d,
when the sample is heated to above its T, the PCL
crystalline regions and amorphous domains will melt and
the polymer chains become more flexible. In Fig. S5, the
materials experience tremendous storage modulus change
of up to 2 orders of magnitude upon heating to T,
Under such circumstance, the initially constrained PCL
chains could be stretched in the direction of applied force,
and such a deformation can be temporarily fixed once the
sample is cooled to room temperature, and thus the strain
energy is preserved. Under site-specific illumination with
laser, the incorporated W30, nanowires absorb the light
and enable local temperature increasing quickly, thus
actuating the elongated composite film with the shape
memory effect; however, the absorbed heat in the upper
layer of the light-exposed region is different from the
bottom layer of the film, causing the shrinkage of only
upper layer along the pre-stretched direction and thus
providing a driving force (contraction force) towards
bending deformation.

We then systematically investigated the basic para-
meters affecting the bending deformation of the films,
including irradiation time, film thickness and pre-stretch
strain. As shown in Fig. 4e and Movie S1, the folding
angle of the 200% pre-stretched strain film increases to
about 135° within 14 s irradiation of 98 mW cm ~ laser
intensity. After the laser is turned off, the PCL molten
part instantaneously recrystallizes and retains the folding
angle. It should be noted that the unirradiated bottom
layers of the film do not experience the melting-to-re-
crystallization process and still maintain the pre-stretched
shape with pre-stretched stored strain. Regarding the ef-
fect of film thickness and pre-stretched strain on the
photodirected bending deformation, it also has great
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impact on the folding angle. In Fig. 4f, the film with a
thickness of 0.3 mm can reach a max bending angle and
thinner samples appear to generate larger bending angles
within the investigated range of thickness, but when the
thickness of the pre-stretched film is less than 0.2 mm,
the bending deformation behavior cannot occur due to
the entire penetration along the thickness direction, thus
depriving the temperature gradient within the whole film.
Fig. 4g shows that larger strain could also lead to greater
folding angle, because the larger pre-stretch strain could
store more internal stress to trigger the bending actuation
with larger amplitude.

Based on the above results, a certain intended folding
angle can be obtained by controlling the site-specific ir-
radiation time, pre-stretch strain as well as the film
thickness. The bending deformation occurs in the direc-
tion of the incident light due to the contraction of sti-
mulated upper layer. Therefore, the deformation
structures of a composite film with different bending
directions and bending amplitudes can both be realized
by controlling the direction of incident light and the
above stated parameters (Fig. S6). A series of 3D complex
configurations can be achieved in one pre-stretched film
when integrated with kirigami cuts in planar.

As shown in Fig. 5a, we initially obtained a sample with
four legs by kirigami cuts in a square sheet, and then
stretched each leg along the direction of long axis to 200%
strain via elasticity, sequentially illuminating the joint
area between the middle unstretched square and pre-
stretched leg, and then the intermediate part of each leg
with 98 mW c¢m * laser could deform the shape into a
stool-like structure (a-i). Afterwards, by controlling the
irradiating position and irradiation time, various other
novel configurations (a-ii, iii, iv) with different archi-
tectures and heights were obtained step by step. Likewise,
Fig. 5b shows the transformation of the 2D triangle to a
3D pyramid-like structure with laser irradiation. Fig. 5¢
shows the uncovered box will bend to form the folded
structure after being triggered by the 98 mW cm ~ laser
irradiation at site-specific regions. Following the same
route, Fig. 5d presents a ladder-like configuration. By
stimulating the different site of the elongated region
linked with stage of ladder, we obtained the configura-
tions of a ladder in suspended form (d-i, ii) and the ramp
form (d-iii, iv). Based on the above results, stepwise-
controlled variable shape changes can be realized from
2D planar materials by laser irradiation.

By activating the dynamic covalent bond within the
same film, 2D-to-3D shape change could also be achieved
based on its reconfigurable characteristic. Reconfigura-
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Figure 5 (a) Various stool-like shapes obtained by laser-triggered different sites and side deformations with four legs elongated to 200% strain. (b) A
pyramid-like structure obtained by 2D triangle with three legs elongated to 200% strain. (c) The uncovered box with four legs elongated to 200% strain
being bent in a folded structure. (d) Various ladder-like configurations. Laser intensity: 98 mW cm % film thickness: 0.3 mm. (a-i, ii; c-ii; d-iv) The

corresponding top views.

tion test is shown in Fig. 6a with one combined elasticity/
plasticity cycle, and no noticeable deterioration in shape
memory performance is found after shape reconfigura-
tion, illustrating that the combination of plasticity and
elasticity can be achieved in one cross-linked network
without any overlap.

Fig. 6b presents the mechanism of elasticity-based and
plasticity-based processes. For the conventional elasticity-
based shape memory effect, it is elastic deformation
caused by the entropy changing that drives the materials
to recover to their original shape. While for the plasticity-
based changing, upon stretching the film above its T,,, the
sample is uniformly deformed at both macroscopic and
microscopic scales. With subsequent 130°C heat-treat-
ment, the heat weakens the binding strength of molecular
chains. At this stage, if an controlled strain is kept under
the external stress and kept for some time, the molecular
chains will eventually undergo chain slippage rather than
conformational changes, the ester exchange reaction will

June 2021 | Vol.64 No.6
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take place and the network topological structures can be
rearranged along with the direction of external stress,
which results in the reconfiguration to a new permanent
shape (solid state plasticity) [47]. The combined plasticity
and elasticity are further visually illustrated in Fig. 6¢c. A
pyramid-like flat sheet with mini-incision is first re-
configured into a new permanent airplane-like origami
architecture at 130°C for 45 min, and then the c(ii) is
manually fixed to temporary shape c(iii) by virtue of
elasticity. When the sample c(iii) is reheated to 60°C or
irradiated by a 300 mW cm ~ simulated sunlight, it will
recover to the reconfigured permanent shape c(ii). Al-
though the two flat shapes c(i) and c(iii) appear geome-
trically identical, their strain states are different. The flat ¢
(i) is actually in a zero-stress state and the flat c(iii) shape
in reality is in a stress-embedded state. It is the internal
embedded stress in the 2D plane c(iii) that drives the film
to recover to the pre-reconfigured shape upon external
stimuli. Following the same route, we next reconfigured a
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flat mesh into a stent (d-ii) (diameter ~15 mm) by trig-
gering the dynamic transesterification reaction. After-
ward, we manually morphed the artificial stent into a
volume-contracted stent (diameter ~9 mm) by compres-
sing the reconfigured stent at 60°C and cooling it to 0°C
to fix the temporary shape (d-iii). When the volume-
contracted stent was warmed to 60°C or irradiated with
simulated sunlight, it would get recovered to the re-
configured size (diameter ~15 mm).

CONCLUSIONS

In summary, we reported a facile approach to achieve the
transformation of planar 2D structures to complex 3D
structures via localized laser irradiation. Specifically, by
doping PEGylated W 50,4 nanowires into the composite
films, a series of smart PCL/W 30, films with high effi-
ciency of photothermal conversion were obtained. It was
found that the concentration of W30, nanowires in the
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films and the laser intensity both had influence on the
temperature of the film’s surface. We demonstrated that
the pre-stretched film could undergo an out-of-plane
bending deformation behavior upon irradiating site-spe-
cific regions with laser. The effects of irradiation time,
film thickness as well as pre-stretch strain on the bending
amplitudes were systematically investigated, and the re-
sults showed that the films with a thickness of 0.3 mm
had a max folding angle of 138° and larger pre-stretched
strain could lead to greater bending deformation. By in-
tegrating these results with kirigami technique, pro-
grammed deformations of a pre-stretched 2D film into
intricate 3D structure were successfully realized. Finally,
based on dynamic transesterification reaction of the sys-
tem, we demonstrated that such 2D-to-3D transforma-
tion can also be realized concurrently by the strategy of
solid state plasticity and elasticity. This study paves a solid
way for realizing 3D complex deformations of PCL with
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