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ABSTRACT: Remote controllability and multiple-shape memory performance are
two important functions for shape memory polymers (SMPs) in engineering evor
applications, which are still a challenge to achieve via a facile approach. Herein, we
synthesized a shape memory composite with near-infrared (NIR) light-induced HpI

triple-shape memory performance by in situ formation of iron tannate (FeTA)  iron fannate
nanoparticles in cross-linked poly(ethylene-co-vinyl alcohol) (EVOH). EVOH Triple-shapgmemory effec
possessed two transition temperatures enabling the composites with triple-shape rid
memory behavior, while FeTA nanoparticles served as the photothermal conversion
factor for NIR light-induced responsiveness. Because the light-induced triple-shape
memory performance of the composite is highly dependent on its photothermal
conversion property, the control of FeTA doping would also be an effective solution
to prepare light-induced multiple-SMPs with various shape transformations.
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Moreover, the composites exhibited high light-driving recovery stress, which could
lift burdens 1600 times heavier than their own weight, indicating their great potential as a smart soft actuator for various applications.

KEYWORDS: iron tannate nanoparticles, poly(ethylene-co-vinyl alcohol), NIR responsiveness, triple-shape memory effect,

light-driving actuators

1. INTRODUCTION

Shape memory polymers (SMPs) have attracted widespread
attention because of their smart changing capability, where
they are able to recover from a temporary shape to a
predesigned original shape upon applying external stimuli such
as heat, light, electric current, solvent or pH.l_5 Compared
with other stimuli, near-infrared (NIR) light possesses many
distinctive advantages, such as convenient use, remote and
accurate control, and noncontact with little intervention in the
surrounding environment,”” which allows NIR light-induced
SMPs to be applied in soft actuators, biomedical devices,
microfluidic devices, and micro-electromechanical systems.®~"*

The most common approach to achieve NIR light
responsive SMPs is introducing photothermal reagents into
thermal-induced SMPs, such as metal nanoparticles, carbon
nanomaterials, conjugated polymers, rare earth organic
complexes, and black phosphorus.m_17 But, attributed to the
poor compatibility of photothermal reagents in polymeric
matrix, the direct doping strategy usually causes a dilemma in
that a small amount of photothermal reagents would lead to
low responsive speed and activating efficiency, while increasing
the doping amount would result in the aggregation of fillers
and phase segregation, consequently sacrificing the mechanical
and shape memory properties. To resolve this limitation,
several methods have been developed, such as chemical
modification on conventional photothermal reagents and
employing more compatible organic dyes.'*”*" However,

© XXXX American Chemical Society

WACS Publications

either the photothermal reagents or the improvement methods
usually require a complicated chemical synthesis or mod-
ification process, which will significantly increase the complex-
ity and cost of preparation. Therefore, it is still a challenge to
obtain a light-induced SMP with high NIR responsive
efficiency by a simple method. Considering that the problem
majorly originated from aggregation of photothermal reagents
after direct doping, the in situ formation of photothermal
reagents would be an effective solution. One of the facile
approaches to form photothermal reagents is the reaction
between ferric ions and tannic acid, a reaction observed, for
example, when an apple or pear is cut with an iron knife. This
reaction is able to rapidly produce iron tannate (FeTA)
nanoparticles with a high photothermal conversion efficiency
of about 40%,”"** which provides an effective way to resolve
the aggregation issue via in situ generation of FeTA
nanoparticles in solid polymer matrix.

In addition to stimuli-responsiveness, multiple-shape mem-
ory performance is also important to SMPs, which allows
devices to realize complicated shape changes and accurate
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Scheme 1. Preparation Route of EVOH/FeTA Composites
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activating behaviors. Therefore, developing novel triple-shape
memory polymers (triple-SMPs) to upgrade the traditional
dual-SMPs has received more and more attention.”’ >’
Although some studies involved the fabrication of triple-
SMPs, the triple-shape memory property mainly relied on
introducing two separated thermal transitions (glass transition
temperature or melting point) into one polymer network,
which was achieved by copolymerization, blending, or
interpenetrating polymer networks.”®”>’ These methods
usually need complicated molecular design and synthesis
processes, which significantly hindered their applications.
Moreover, these studies mainly concentrate on thermal-
induced triple-SMPs; light-induced triple-SMPs are rarely
reported.

In this study, a commercial copolymer, poly(ethylene-co-
vinyl alcohol) (EVOH), was adopted as the matrix to fabricate
NIR light-induced triple-shape memory composites via a facile
two-step method utilizing its intrinsic existence of two
separated transitions (polyethylene and poly(vinyl alcohol)).*
First, EVOH in dimethylformamide containing ferric ions was
cross-linked by hexamethylene diisocyanate to realize the
shape memory performance. After that, the NIR light
responsiveness of composites was achieved by simply
immersing the cross-linked EVOH films into tannic acid
solution to form FeTA nanoparticles. By this method, the
FeTA nanoparticles could be dispersed into the composites
homogeneously, further endowing the composites with the
excellent mechanical property. Based on the great photo-
thermal property of FeTA nanoparticles and dual transition
temperatures of EVOH, the composites showed excellent light-
induced triple-shape memory effects, which would make them
a promising candidate for application in soft actuators.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(ethylene-co-vinyl alcohol) (EVOH) (ethyl-
ene content 27 mol %, M, = ~4 X 10* g mol™") was purchased from
Shanghai ZZBIO CO., Ltd. Hexamethylene diisocyanate (HDI) was
received from Aladdin Industrial Corporation. Tannic acid (TA) and
anhydrous ferric chloride (FeCl;) were supplied by Shanghai Mcaklin
Biochemical Co., Ltd. N,N’-Dimethylformamide (DMF), isopropanol,
and other reagents were bought from Tianjin Chemical Reagents
Company.

2.2. Preparation of Shape Memory Composites. The shape
memory EVOH composite was prepared by a two-step method. First,
the shape memory property of EVOH was achieved by using HDI as
the chemical cross-linking reagent. The amount of 2 g of EVOH and a
certain amount of anhydrous FeCl; (0—0.1 g) were dissolved in 30
mL of DMF after stirring at 90 °C, and 0.2 g of HDI was added to the
solution after being cooled down to room temperature. Next, the
mixture was cast onto a glass plate and further reacted at 80 °C for 12

h to afford cross-linked EVOH, which was named as EHFex (where x
represents the weight percent of FeCly to EVOH). Second, the NIR
light responsiveness was achieved by simply immersing the prepared
EHFex in 0.02 g mL™" tannic acid (TA) aqueous solution for 24 h to
form FeTA nanoparticles in the composite. Then the composite films
were washed with water five times and re-dried at room conditions
(room temperature about 20 °C and relative humidity about 35%) for
S days. The dried composite films were collected for further
investigation and named as EHFexD (unless otherwise indicated).

2.3. Characterization. The cross-linked reaction was confirmed
by Fourier transform infrared (FTIR) spectroscopy performed with a
Nicolet iS50 IR spectrophotometer (America). Gel content (G) was
measured to evaluate the cross-linked reaction of composites
according to G = my/my X 100% by Soxhlet extraction. Here, m, is
the original weight of the samples and i, is the dried weight of the
samples after Soxhlet extraction with an isopropanol/water solution
(3:1 at volume) for 48 h. The microstructure of the fracture surface
was investigated by scanning electron microscopy (SEM; TESCAN
MALA3 LMH, Czech Republic). The thermal properties of
composites were investigated by dynamical mechanical analysis
(DMA; DMA242E, NETZSCH, Germany) and differential scanning
calorimetry (DSC; DISCOVER DSC250, America). For DMA tests,
the samples with dimensions of about 20 X 3 X 0.3 mm”® were heated
from 10 to 200 °C at a rate of 5 °C min™". For DSC, the samples were
heated from 20 to 150 °C and equilibrated for 5 min to eliminate the
thermal history. Then the samples were cooled to 20 °C and reheated
to 200 °C, and the heating rate of the whole process was 10 °C min™".
The dual transition temperature of composites was confirmed by the
second heating curves. The mechanical property of composites was
measured by a universal testing machine (WANCE ETM 103B-TS,
China) under a uniaxial tension mode with a stretching speed of 10
mm min~". All specimens were cut to a dog bone shape according to
ISO527-2/1BB, and each sample was tested at least five times.

2.4. Shape Memory Property of Composites. The shape
memory performance was confirmed by DMA through a TMA mode,
and details were as follows: (1) a film sample (20 X 3 X 0.3 mm?®) was
stretched under a constant stress at 100 or 150 °C to reach a max
strain of £,; (2) the sample was cooled to 10 °C, and the external
stress was removed to afford a temporary strain &,; (3) the sample
was reheated to 100 or 150 °C to recover its original shape ().
Then shape fixity ratio (R;) and shape recovery ratio (R,) were
adopted to evaluate the shape memory performance according to
formulas 1 and 2.>' The recovery stress was measured at an isostrain
mode by DMA: a composite film was heated from 20 to 200 °C with a
strain of 120% at a heating rate of 5 °C min™".

Ri = g5/&, X 100% (1)

R, = (&5 — €c) /&y X 100% (2)

The photothermal conversion performance was investigated by
using a thermal imaging camera (FLIR ONE PRO, FLIR, USA) under
irradiation of NIR light (808 nm), and at least five samples were
tested. Then NIR light-induced shape memory property was
investigated by performing a tensile-cycle test, and at least three
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samples were tested: (1) a sample (20 X 3 X 0.3 mm®) was stretched
to a strain of &, after heating to 100 °C by NIR light irradiation; (2)
the sample was cooled to room temperature and the external load was
removed to obtain a temporary strain (e5); (3)finally, the sample was
reheated to 100 °C by NIR light irradiation again to recall the original
shape (&c). The light-induced R, and R; were also calculated
according to formulas 1 and 2.

3. RESULTS AND DISCUSSION

In this study, a NIR light-induced shape memory composite
based on EVOH was prepared by a two-step method as
presented in Scheme 1. First, the shape memory performance
was achieved by cross-linking EVOH with HDI and the cross-
linked reaction was confirmed by FTIR spectra. As shown in
Figure 1, the characteristic peak of —OH shifted from 3285
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Figure 1. FTIR spectra of EVOH and cross-linked EH.

cm™" of EVOH to 3299 cm™ of EH due to the consumption of
—OH by HDI. In addition, the appearance of peaks at 1689
and 1548 cm™' on the spectrum of EH was attributed to the
characteristic peaks of —CO—NH—, which confirmed the
successful reaction between EVOH and HDL’”* Then the
cross-linked reaction was further evaluated with the gel content
of composites, which was carried out by Soxhlet extraction
tests. All the composites showed a high gel content of over
95%, validating the formation of a cross-linked network
structure.

Next, the NIR light responsiveness of composites was
realized by in situ formation of FeTA nanoparticles as
photothermal conversion reagents. Through a simple soaking
process in TA solution, the irregular FeTA nanoparticles
formed in the polymer network and their particle size was
determined to be about 150 nm (confirmed by SEM images in
Figure S1), which was similar to previous study.”” Then the
dispersion state of FeTA nanoparticles was investigated by
SEM analysis of the micromorphology of EVOH and its
composites. In addition, a control sample with a similar TA
content of EHFeSD was prepared by directly adding TA to the
EVOH solution before the curing process. The TA content of
about 1.9 wt % EHFeSD was calculated according to the
weight change after the formation of FeTA nanoparticles. As
shown in Figure 2, pure EVOH showed a smooth fracture
surface, while the introduction of cross-linked interaction
increased the roughness due to the enhancement of the
material’s toughness. Then the roughness was further increased
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Figure 2. SEM images of the fracture of (a) EVOH, (b) EH, (c)

EHFeS, (d) EHFeSD, and (e) control sample. (f) optical images of
EHFeSD and control sample.

by the introduction of FeCl; or FeTA attributed to the increase
of energy dissipation brought about by fillers during the
fracturing process.””* As observed from the fracture surface of
EHFeSD in Figure 2d, the uniform dispersion of FeTA
nanoparticles could be confirmed by the distribution of the
dots (as indicated by arrows in the images). But for the control
sample presented in Figure 2e, many aggregations could be
observed clearly on the fracture surface due to the low
compatibility of FeTA nanoparticles. This difference could be
seen more obviously in their macro images in Figure 2f:
EHFeSD presented a uniform black color, while the control
sample showed obvious aggregations.

The mechanical property is important for the application of
shape memory materials, which are affected greatly by the
chemical structure and dispersion state of fillers. Here the
mechanical property of composites was investigated by using a
tensile machine, and the results are presented in Figure 3 and
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Figure 3. Stress—strain curves of EH and composites.

Table 1. Although the original EVOH was brittle, the cross-
linked EH showed high toughness after the introduction of
cross-linked networks, and its elongation at break (&) and
tensile strength (6) could reach about 238.9% and 34.1 MPa,
respectively. After being doped with FeCls, the elongation at
break and tensile strength of EHFex were reduced to 186%
and 28.4 MPa, respectively, due to the incompatibility of
FeCl;. Then the formation of FeTA nanoparticles could
enhance the tensile strength of composites to 33.8 MPa due to
the reinforcement of nanoparticles. Compared with EH,
although the elongation at break of the composites was
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Table 1. Mechanical, Thermal, and Light-Induced Shape Memory Properties of EH and Its Composites

sample o (MPa) e (%) T, (°C) R R,
EH 34.1 + 0.7 2389 + 3.0 56.7
EHFel 312 +23 204.0 + 5.0 73.1 98.6 + 0.5 99.6 + 0.3
EHFe3 284 + 0.6 186.4 + 4.4 72.6 98.3 + 0.6 99.7 £ 0.1
EHFeS 293 + 0.8 1874 + 0.9 72.8 984 + 04 99.0 + 0.9
EHFelD 328 +£ 0.5 201.0 + 9.6 74.3 973 £ 04 98.1 + 0.6
EHFe3D 33.0 + 0.8 171.7 + 2.1 74.1 97.1 + 0.7 98.2 + 0.5
EHFeSD 33.8 +£ 0.5 177.8 + 5.1 73.7 973 £ 0.9 98.1 + 0.6
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Figure 4. (a) Loss factor (tan &) curves and (b) storage modulus (E’) curves of EH and composites; (c) thermal-induced shape memory process of
EHFelD; (d) shape memory cycle curves of EHFelD carried out by DMA.

reduced to about 170%, the composites were still strong
enough to realize shape memory performance. Moreover, the
control sample was also tested and it was quite brittle with an
elongation at break of about 10% due to its serious
aggregations. The results demonstrated that the introduction
of FeTA nanoparticles by in situ synthesis was indeed
beneficial to the uniform distribution of nanoparticles and
the mechanical property of composites.

Prior to the investigation of the shape memory performance,
the switching temperature of composites was confirmed by
DMA. As shown in Figure 4a and Table 1, the glass transition
temperature of EH was about 56.7 °C, while it increased to
about 73 °C with the doping of FeCl; and then increased
slightly to about 74 °C after the formation of FeTA
nanoparticles, which may be attributed to the resistance effect
of fillers on polymer chains.”> This phenomenon was further
analyzed by the storage modulus curves in Figure 4b, and the
results showed that two rubbery plateaus around 100 and 145
°C appeared on the curves, especially EH and EHFelD,
demonstrating the existence of two separated transition
temperatures. These two transition temperatures belonged to
the T, of PVA chains and T, of polyethylene chains, which

could be further confirmed by DSC curves in Figure S2. These
results suggested that the composites may realize not only
dual-shape memory performance but also triple-shape memory
performance.

The dual-shape memory property of composites was first
investigated by a manual tensile-cycle process, which is shown
in Figures 4c and S3 and in Video S1. During the shape
memory cycle process, the sample was stretched to a strain of
about 100% at 100 °C and cooled to room temperature to fix
the temporary shape, and then the deformed sample was
reheated to 100 °C to recall the original shape. It can be clearly
observed that all the composites could show an excellent shape
memory property with a shape fixity ratio (R;) and shape
recovery ratio (R.) of over 98% and 99%, respectively.
Furthermore, the shape memory property of the composite
was quantified by DMA, and a typical cycle process of
EHFelD with 100 °C as the programming temperature is
presented in Figure 4d. It also could be found that the
composite exhibited a high shape memory performance with R;
and R, of about 98.6% and 91.5%, respectively. The reduction
of R, calculated by DMA was attributed to the minimum
detection limitation of the instrument. Nonetheless, the results
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Figure 5. (a) Photothermal conversion efficiency of EHFelD-x; (b) Photothermal conversion efficiency of EH and composites; (c,d) NIR light-

induced shape memory behavior of EHFelD.

demonstrated that the cross-linked EVOH was able to exhibit
an outstanding thermal-induced shape memory property.

To confirm the NIR light responsiveness, an infrared
thermal imager was used to investigate the photothermal
conversion effect of the composites under 808 nm NIR light
irradiation. The maximum temperatures under different power
density of NIR light were recorded. Here, EHFel with
different immersion times, named as EHFelD-x (where x
represents reacting hours), was measured to investigate the
effect of reacting time in TA solution on the photothermal
conversion performance, and the thermal images of EHFelD-
24 are presented as examples in Figure S4. It was obvious that
the temperature increased rapidly with the increase of power
density, and it could reach 150 °C under only 0.93 W cm ™ of
NIR light irradiation, indicating the high photothermal
conversion efficiency of FeTA nanoparticles. Figure Sa
demonstrates that the gradient of curves increased quickly
with the increase of reacting time to 12 h and then increased
slightly when approaching 24 h. It indicated that the degree of
reaction had been close to saturation when the reacting time
approached 24 h, which was also the reason why 24 h was
determined to prepare all EHFexD composites. Then the
photothermal conversion performance of all composites was
investigated, and the results are shown in Figure Sb. Extracting
from the variation of curves, the photothermal conversion
efficiency of composites increased rapidly with the increase of
FeCl; or FeTA nanoparticles, and the photothermal con-
version efficiency of EHFexD was much higher than that of
EHFex. All these results demonstrated that the composites

indeed could exhibit excellent NIR light responsiveness with
the introduction of FeTA nanoparticles.

Then the NIR light-induced shape memory performance of
EHFexD was investigated by a bending-recovery test and a
tensile-cycle test under irradiation of 808 nm NIR light, and
EHFelD was taken as an example in Figure Sc,d and Video S2.
As shown in Figure Sc, a straight sample was folded in half
after heating to 100 °C by 0.57 W cm™ of NIR light
irradiation (obtained from the curve of Figure Sa), and the
temporary shape was fixed by equilibrating it at room
temperature. Then the deformed sample was exposed to NIR
light again to recover its original shape, and the light-induced
shape recovery process was recorded with a digital camera. The
results clearly showed that the original straight shape of the
sample could be recovered completely within merely 18 s. For
the tensile-cycle test in Figure 5d, the sample was stretched to
a strain of about 50% under NIR light irradiation and the rest
of the process was similar to the bending-recovery test. It was
also clearly observed that the original shape of EHFelD could
be fully recalled by NIR stimulus within 72 s. The extension of
recovery time was attributed to its larger deformation. In
addition, the light-induced shape memory property of
composites was quantitatively evaluated by R; and R. As
presented in Table 1, all the composites exhibited a high light-
induced shape memory property with R; and R, both being
over 97%.

According to the results of the thermal properties, the
composites possessed two transition processes, the glass
transition of PVA and melting process of PE, which were the
structural basis of triple-shape memory behavior. Therefore,
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Figure 6. (a) Thermal-induced shape memory cycle curve of EHFelD; (b) light-induced triple-shape memory behavior EHFelD; (c) light-

induced triple-shape memory behavior of composite with partial doping of FeTA nanoparticles. (Here, P,

Py =590 W cm™)

=0.57 Wem™, P, = 0.93 W cm ™, and

EHFelD was chosen as an example again to investigate the
triple-shape memory performance. First, the thermal-induced
triple-shape memory performance was carried out by DMA. As
shown in Figure 6a, the original film sample (&,) was heated
up to 150 °C, which is above the T,, (145 °C), and stretched
to a temporary shape B (&;,,4) under an external load. Then
the sample was cooled to 100 °C, a temperature between T,
and T, and the external load was removed to fix the temporary
shape B (&,). The sample was further stretched to a second
temporary shape C (&cjo,q) under a higher load then was
cooled to 10 °C (below the T, of 75 °C), and the load was
removed to fix shape C (e&¢). The shape fixity ratio of each
shape was calculated using formula 3. In the subsequent
recovery step, the sample was reheated and equilibrated at 100
and 150 °C to recall the shape B (g3,..) and original shape A
(€rec) step by step. The shape recovery ratios R,c_p) and
R,(pa) were calculated according to formula 43¢

ex)/ (EY,load — &)

©)

Rixov = (&y —

8X,rec)/(8Y - EX)

(4)

Extracting the data from the curve in Figure 6a, the shape
fixity of shape B (R; 5_p)) in the first fixing step was about
86.2% while it was 98.8% for shape C. The reason for the lower
shape fixity of shape B was attributed to the two reversible
phases (PE and PVA chains) being stretched during deforming
process but only the strain resulting from PE chains could be
stored at 100 °C after the removal of the external load. During
the following recovery process, the shape recovery ratios of
shape B (R, _3) and shape A (R, p_,) were about 87.8% and
81.6%, respectively. Because the cross-linked reaction could

Rr,Y—»X = (EY -

only occur between PVA chains, the PE chains still retained
the un-cross-linked structure, leading to the low value of
R, 5 This phenomenon could be also confirmed by the
dual-shape memory process with 150 °C as the programming
temperature (Figure SS), during which the shape recovery
ratio was only about 85.2%, accompanying the addition of the
PE phase as the reversible phase. Thus, the composite indeed
could exhibit the triple-shape memory property based on PVA
and PE chains as reversible phases.

It has been confirmed that the composites could reach
different temperatures by adjusting the power density of the
NIR light, so the light-induced triple-shape memory behavior
could also be easily realized. The composite EHFelD was
taken as an example, and the results are presented in Figure 6b
and Video S3. Similar to the thermal-induced triple-shape
memory process, the original sample with a circle shape was
stretched to shape B under 0.93 W cm™ of NIR light
(corresponding to 150 °C) and fixed at room temperature.
Then it was deformed to shape C under 0.57 of W cm™ NIR
light (corresponding to 100 °C) and fixed at room temperature
again. During the recovery steps, the deformed sample could
recover to shape C first under 0.57 W cm™> of NIR light, but
then showed no shape change with the extension of irradiation
time. Upon raising the power density to 0.93 W cm™>, the
original circle shape of the sample could be fully recovered,
demonstrating that the composite was indeed able to exhibit
the light-induced triple-shape memory effect.

During the investigation of light responsiveness, it was found
that the photothermal conversion efficiency can be adjusted by
the content of FeTA nanoparticles. For example, 5.9 W cm™>
of NIR light was required to activate EHFel to 100 °C while
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Figure 7. Light-induced driving performance of EHFelD under (a) 16.4 g and (b) 32.8 g. (c) Recovery stress—temperature curve of EHFelD at

120% strain.

only 0.57 W cm™ was needed for EHFelD. Therefore, another
type of light-induced triple-shape memory behavior was
investigated by partial introduction of FeTA nanoparticles.
As shown in Figure 6¢, a sample with two parts (EHFel and
EHFelD) was constructed through partial immersion of the
EHFel sample into a TA solution for 24 h. The original arc
shape was stretched at 100 °C and cooled to room temperature
to fix the temporary shape. When exposed to 0.57 W cm™ NIR
light, it was observed that only the left part (EHFelD) was
able to fully recover, while no shape change was detected on
the right part (EHFel). It was because the temperature of
EHFel only reached about 31 °C under irradiation of 0.57 W
cm™* NIR light. Then upon increasing the power density to 5.9
W cm™?, the original shape of the right part was also recovered
quickly, demonstrating that the light-induced triple-shape
memory effect could be also realized by controlling the
FeTA nanoparticle content in composites.

The results presented so far have revealed that the
composites exhibited an outstanding NIR light-induced
shape memory property and mechanical strength, indicating
their application potential as light control actuators. In Figure
7, the samples (EHFelD), with original dimensions of 20 X 3
X 0.3 mm® and weight of about 0.02 g, were stretched to a
strain of 120% before the investigation of light-induced driving
performance. As presented in Figure 7a, under irradiation of
0.57 W cm™ NIR light, the sample was able to lift a burden of
about 16.4 g by 2 cm, which was about 820 times heavier than
the sample’s weight. Bearing the limitation of burden, R, of the
sample could still reach about 80%. With the increase of
burden to 32.8 g, 1640 times heavier than sample’s weight,
Figure 7b shows that the sample could still lift the burden up
by 1.5 cm, indicating its high heavy-lift capability driven by the
light-induced recovery stress. In addition, the recovery stress of
EHFelD with 120% strain was quantified by DMA at an
isostrain mode. As presented in Figure 7c, the recovery stress
of EHFelD increased quickly with the increase of temperature
and it reached about 2.27 MPa at 100 °C and 4.22 MPa at 150
°C. The curve also showed that the sample was broken at
around 155 °C due to the reduction of the mechanical
property at elevated temperature.

4. CONCLUSION

In summary, a NIR light-induced shape memory composite
was fabricated by in situ synthesis of FeTA nanoparticles in
cross-linked EVOH in the form of solid state. By this method,
the FeTA nanoparticles could be dispersed into the EVOH
matrix uniformly, endowing the composites with high
mechanical strength and photothermal conversion perform-
ance. Combining the cross-linked structure linked by HDI, the
EVOH composites could show excellent light-induced shape
memory performance with R; and R, values over 97% and 98%,
respectively. In addition, based on the two separated transition
processes of EVOH (the glass transition of PVA and melting
process of PE), the composites were able to exhibit thermal-
and light-induced triple-shape memory properties. Utilizing the
difference of photothermal conversion efficiency brought about
by doping content, the light-induced triple-shape memory
behavior also can be realized by partially doping the FeTA
nanoparticles into composites, which could further widen the
design strategies of NIR light-driving multishape memory
polymers. Moreover, the composites exhibited high light-
driving recovery stress and were able to lift a burden of weight
of over 1600 times greater than the samples’ weights. These
superior mechanical and light-induced triple-shape memory
properties will enable the application of these EVOH
composites, especially in soft actuators.
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