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Abstract

In this paper, two types of photo/thermal dual and programmable staged

responsive shape memory PAEK are fabricated. On one side, photosensitive

cinnamic acid (CA) is grafted onto shape memory poly(aryl ether ketone)

(PAEK) chains to obtain PEAK-CA with photo/thermal response. On the other

hand, PAEK/CA composites are prepared via a facile physical blending as

comparison. Both PAEK-CA and PAEK/CA materials exhibit the excellent

heat-triggered (recovery ratio over 91.8%) and photo-responsive shape memory

effect (recovery ratio over 76.5%). More interestingly, the staged shape fixity

and shape recovery behaviors can be realized by combining independent

photo/heat responsive shape memory behaviors. Take the PAEK/CA for exam-

ple, the irradiation with λ of 365 nm can be used for shape fixity, and shape

recovery can be triggered by heating. Meanwhile, the fixation of the temporary

shape of the sample can also be realized by heating–cooling process, and then

the irradiation with λ of 365 nm is used for shape recovery. These photo/

thermal dual and staged responsive shape memory PAEK materials could be

widely utilized in fields of soft robots, smart actuators, and deformable devices.

KEYWORD S
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1 | INTRODUCTION

As a type of stimulus-responsive smart materials, shape
memory polymers (SMPs) have gained attention of
researchers due to the unique programming deformation
ability which could retain the temporary shape and
recover to the original shape upon the external stimulus
such as heat,1 electric,2 magnetic,3 and light.4 The shape
deformation ability, dictated by the transition of internal
molecular ordering and phase state,5 imparts polymer
wide using potential in the fields of aerospace,6 actuators,7

and smart devices,8,9 etc. Among the diverse actuations
for SMPs, the heat-triggered SMPs are the earliest fabri-
cated and the most widely used.10,11 The molecular chains

of polymer are frozen while the temperature is lower than
transition temperature (Tt). Once the temperature reaches
up to Tt, the molecular chains begin to thaw, and the sam-
ple deforms under the external force. The deformation
shape could be retained when it cools. While the tempera-
ture reaches to Tt again, the molecular chains melt and
recover to the original shape.12–15

Comparing with heat-triggered SMPs, light-triggered
SMPs possess wide application prospect due to the
remote control, instantaneity, and spatiality.13–16 At pre-
sent, there are two main methods for the fabrication of
photo-responsive SMPs: one is the introduction of photo-
sensitive groups, and the other is the incorporation
of fillers with photothermal effect.17,18 Photosensitive
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reactions commonly include photoisomerization, which
could occur in azobenzene,19–22 spiropyrane groups,23,24

and photo-crosslinking reaction, occurring in cinnamic
acid groups.25–29 Upon the irradiation, the internal struc-
tures change companying with the occurrence of reac-
tions. In these stage, the intrinsic elasticity of molecular
chains dominates the shape recovery behaviors.30 The
fillers with photothermal effect mainly contain carbon
black,31,32 carbon nanotubes,33,34 Au nanorods,35–37 and
polydopamine etc.38–40 Upon light irradiation, the fillers
transform the light energy into heat, promoting the shape
recovery above the temperature of Tt.

Due to the diverse triggering modes, multi-stimuli
responsive SMPs have attracted attention at recent
years,10,41–44 and the incorporation of sensitive groups or
fillers into SMP matrix could fabricate the multi-stimuli
responsive SMPs. Cinnamic acid (CA), as a kind of uni-
versal photo-responsive group, could crosslink under the
UV light at λ > 260 nm, and de-crosslink under the UV
light at λ < 260 nm.45 Besides, photo/thermal dual trig-
gered SMPs could be fabricated through the integration
of photo-responsive CA into heat-triggered SMPs
matrix.46,47 In addition, poly(aryl ether ketone) (PAEK),
as a type of high-performance thermoplastic, has been
widely used in fields of aerospace, storage energy, and
actuators,48–51 due to the excellent mechanical proper-
ties, chemistry resistance, and thermal stability.52,53

The flexible and rigid segments in PAEK main chains
could be tuned through the arrangement and manipula-
tion of monomers, which impart the great shape
memory effect.

In this paper, the chemical grafting PAEK-CA and
physical blending PAEK/CA samples were synthesized
and characterized via 1H NMR, FTIR, WAXD, SAXS,
UV–vis, DSC, and TGA. Besides, their photo/thermal
dual and staged responsive shape memory behaviors
were investigated. The prepared PAEK-CA and PAEK/
CA composites contributed to their applications in
smart deformable devices with excellent photo/thermal
response.

2 | EXPERIMENTAL

2.1 | Materials

2,2-Bis(3-amino-4-hydroxyphenyl) hexafluoropropane
(BAHHF), 4,40-difluorobenzophenone (DFBP), potassium
carbonate (K2CO3), cinnamic acid (CA), dicyclohexylcarbo-
diimide (DCC), and tetramethylene sulfone (TMSF) were
supplied by Aladdin Industrial. Toluene and N-methyl kelo-
pyrrolidide (NMP) were all bought from Tianjin Guangfu
Chemical Reagent Factory.

2.2 | Synthesis of PAEK and PAEK-CA

PAEK was synthesized through a condensation polymeri-
zation reported previously.54 Certain proportion of
BAHHF, DFBP, and K2CO3 were added into a 100 mL
three-neck flask containing TMSF and toluene, equipped
with Dean-Stark trap and nitrogen atmosphere. The tem-
perature of reaction was increased to 140�C for 2 h, to
remove the water, and then which was increased
to 170�C for 3 h, to carry out the polymerization reaction.
After the reaction, the viscous product was poured into a
beaker containing large amount of isopropanol. The pre-
cipitate was rinsed with deionized water and ethanol for
several times, and the synthesized PAEK was dried and
stored (yield: 92%).

The PAEK-CA polymer was synthesized by grafting
CA onto PAEK backbone. First, certain amount of
PAEK and CA were independently dissolved in NMP
under stirring. Then, they were blended and vigorously
stirred for homogeneous. Afterward, DCC was added
into the mixture and continually stirred for 24 h at
50�C. The PAEK-CA solution was precipitated in propa-
nol, and rinsed for several times, and then the product
was dried and stored. The molar proportion of PAEK
and CA was 1:1 and 1:2, called as PAEK-CA1 and
PAEK-CA2, respectively. The synthetic pathway of
PAEK-CA was depicted in Scheme 1.

2.3 | Preparation of PAEK, PAEK-CA,
and PAEK/CA films

A certain amount of synthesized PAEK and PAEK-CA
were independently dissolved into NMP under stirring
for 24 h. PAEK and CA were physically blended accord-
ing to the certain proportion, and the mixture was dis-
solved into NMP under stirring for 24 h. Then,
prepared solutions were cast into a homemade mold
and dried at 80�C for 48 h. Afterward, the fabricated
films were peeled off and stored carefully. The propor-
tion of PAEK and CA in physical blending was the
same with it in grafting reaction, called as PAEK/CA1
and PAEK/CA2, respectively.

2.4 | Characterization

The chemical structures of synthesized PAEK and
PAEK-CA were reflected by 1H-nuclear magnetic reso-
nance (1H NMR) spectra. CDCl3 was used as the solvent
and tetramethylsilane (TMS) was used as the internal ref-
erence with an ADVANCE III 400 MHZ 010601 spec-
trometer (Bruker). Fourier transform infrared (FTIR)
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spectroscopy was revealed by a Spectrum Two
(PerkinElmer). Wide-angle x-ray diffraction (WAXD) pat-
terns were performed on an X'pert XRD analyzer
(Panalytical B.V.). The 2θ range was 5�–55�, and a step
size was 10�/min. Small-angle x-ray scattering (SAXS)
spectra was obtained by Shanghai Synchrotron Radiation
Facility (BL19U2, SSRF). The scattering vector (q) and
the long period (L) of samples could be calculated as
following:

q¼ 4π sinθ
λ

ð1Þ

L¼ 2π
q

ð2Þ

where q is the scattering vector, λ is the wavelength, 2θ is
the scattering angle, and L is the long period of lamellar
structures.

UV–visible absorption spectra was recorded using
a Mettler-Toledo UV7, and the wavelength range of
200–800 nm. Differential scanning calorimetric (DSC)
curves were performed at a temperature range of

25–300�C with a heating rate of 10�C/min, through a
DSC 1 STAR System (Mettler-Toledo). Thermal gravimet-
ric analysis (TGA) curves were performed on a TGA/DSC
1 STAR System (Mettler-Toledo). The temperature range
was 25–800�C, and the heating rate of 10�C/min.

2.5 | Heat-triggered shape memory test

Heat-triggered shape memory test was conducted via the
“U” shape sample test. Film samples with the size of
5 mm � 30 mm were heated up to transition temperature
(Tg), and fixed into a “U” shape by a homemade mold.
Then, the temperature was cooled down to room temper-
ature, and the temporary “U” shape was obtained. After-
wards, the temperature was increased above Tg again,
and the shape recovery could be observed. Digital camera
was used to record the recovery process, and the recovery
ratio (Rr) and fixity ratio (Rf) were calculated as follows:

Rr ¼
θ tð Þ �θ0
180�θ0

�100 ð3Þ

SCHEME 1 Synthetic pathway of

PAEK-CA. [Color figure can be viewed

at wileyonlinelibrary.com]
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Rf ¼ 180�θ0
180

�100 ð4Þ

where θ0 is the deformation angle at the time of 0 s, and
θ(t) is the deformation angle at the time of t in second.

2.6 | Photo-triggered shape memory test

Photo-triggered shape memory test was carried out via
the “M” shape sample test, similarly. Film samples were
cut to the size of 5 mm � 30 mm. They were fixed into
the “M” shape and treated by UV irradiation with λ of
365 nm for 15 min. Then, the radiated samples were trea-
ted with the irradiation at λ of 254 nm for 1 h. After the
radiation, the shape recovery of samples could be
observed, and captured with a digital camera. The Rr and
Rf were calculated from the formula mentioned before.

2.7 | Photo/thermal staged responsive
shape memory test

We extracted independent shape fixity and shape recov-
ery behaviors from photo/heat responsive shape memory
behaviors, and combined them again for achieving the
photo/heat staged responsive shape memory behaviors,
shown in Scheme 2.

2.7.1 | Photo-fixity and thermal-recovery

Samples were radiated at λ of 365 nm for 15 min, to fix
the temporary shape. Then, they were heated to the tran-
sition temperature to recover the original shape.

2.7.2 | Thermal-fixity and photo-recovery

Samples were heated above the Tg to fix the temporary
shape. Then, they were treated with the irradiation at λ
of 365 nm to achieve the shape recovery.

3 | RESULTS AND DISCUSSION

3.1 | Structure analysis

1H NMR spectra of synthesized PAEK and PAEK-CA2 is
showed in Figure 1a. For PAEK, the chemical shift at
1.58 ppm was corresponding to the protons of amino
groups (1). The chemical shifts at 7.07, 7.27, and
7.79 ppm were concerned with the protons of 2, 3,
and 4, respectively, which indicated the formation of
PAEK backbone. For PAEK-CA2, the chemical shifts of
protons in double bonds could be found at 6.40 and
7.70 ppm. The protons on benzene rings were concerned
with the chemical shifts at 7.48–7.64 ppm. In Figure 1b,
the peak at 3330 cm�1 was concerned with the character-
istic peak of N H bonds. The stretching vibration of aryl
carbonyl groups was corresponding to the peak of
1593 cm�1, and the peak at 1225 cm�1 was attributed to
the characteristic peak of aryl ether groups. All these
infrared absorptions proved the successful synthesis of
target polymers. After the integration of CA monomers,
the peak of C C bonds occurred at 1629 and 1623 cm�1,
corresponding to PAEK/CA1 and PAEK-CA1, respec-
tively. In Figure 1c, for PAEK-CA2, after treating at λ of
365 nm, the peak at 1629 cm�1 became moderate, con-
cerning with the cycloaddition reaction between double
bonds. After irradiating at λ of 254 nm, the de-
crosslinking reaction occurred and the peak at 1629 cm�1

became sharper as expected. In addition, we character-
ized chemical structures of the PAEK/CA2 treated by the
light with λ of 365 and 254 nm, and the consistent results
were obtained, shown in Figure S1. As expected, the peak
at 1629 cm�1, corresponding to double bonds, became
moderate after the irradiation with λ of 365 cm�1. Then,
the peak became sharper again after treating at λ of
254 cm�1. WAXD curves are performed in Figure 1d,e.
As shown in Figure 1d, PAEK/CA exhibited the wide and
flat diffraction peaks, indicating the semi-crystalline of
PAEK and plasticizing effect of CA components. Never-
theless, PAEK-CA exhibited narrow sharp peaks, which
could be attributed to that the grafting of CA groups on
to PAEK main chains transformed the crystalline phases

SCHEME 2 Illustration of photo/

heat dual actuated shape memory effect

and photo/heat staged actuated shape

memory effect. [Color figure can be

viewed at wileyonlinelibrary.com]
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of original PAEK, and formed the new crystalline phases.
In Figure 1e, after the irradiation, the crystalline of
PAEK/CA1 decreased, which was concerned with the
cycloaddition and de-crosslinking reaction. Nevertheless,
upon the irradiation, the crystalline of PAEK-CA1 did
not exhibited the significant difference, depicted in
Figure S2.

2D SAXS patterns, 1D integral curves, and the long
period, qmax statistical chart are showed in Figure 2. In
Figure 2a, all the prepared PAEK showed the similar dif-
fuse scattering feature, which was circular and sur-
rounded the beam spot. The intensity of scattered signals
was slightly different, which exhibited non-regular. There
were not any direct connections between the proportion
of CA monomers and the internal micro-structure. In
Figure 2b, all the prepared PAEK showed the same qmax,
which could indicate that the internal micro-structure
had no difference among the various proportions of pre-
pared PAEK. According to Bragg's law, the long period
(L) was calculated. The unified value implied the similar
distribution of internal crystalline lamellae. Figure 2c
shows the 2D SAXS patterns of PAEK/CA1 film treated
at λ of 365 and 254 nm. We could observe that there was
not significant transformation on scattering fringes while
crosslinking and de-crosslinking. Meanwhile, the qmax

value and long period did not exhibit any difference
(shown in Figure 2d), which could be attributed to that

the crosslinking and de-crosslinking reaction among CA
groups, occupied as fillers, could not transform the inter-
nal crystalline lamellae. Nevertheless, for the CA-grafting
system, the reaction among CA groups significantly
transform the distance between adjacent molecular
chains. Thus, in crosslinking and de-crosslinking process,
the qmax value increased firstly, and decreased subse-
quently, indicating that the long period decreased firstly,
and decreased subsequently, depicted in Figure S3.

UV–visible absorption spectra of PAEK/CA2, PAEK/
CA1, PAEK-CA2, and PAEK-CA1 upon the diverse irradi-
ated time at λ of 365 nm and 254 nm are showed in
Figure 3a–c. In Figure 3a, we could observed that all the
prepared samples exhibited obvious characteristic peaks at
280 nm, corresponding to the photosensitive CA groups.
In Figure 3b, while treated at λ of 365 nm, double bonds
cracked and the cycloaddition reaction occurred, and the
absorbed peak at 280 nm decreased. Increasing the treated
time, the absorption peak became lower. In Figure 3c,
after irradiating at λ of 365 nm and 254 nm, the de-
crosslinking reaction occurred, and double bonds formed
again. As a result, the adsorbed peak at 280 nm increased.
Meanwhile, as the increasing of treated time, the peak at
280 nm became sharper. Figure S4 shows different treated
time at λ of 365 nm and 254 nm on PAEK-CA2 film. In
Figure S4a, increasing the treated time at λ of 365 nm, the
peak at 280 nm became lower. Nevertheless, increasing

FIGURE 1 (a) 1H NMR spectra of PAEK and PAEK-C2; FTIR spectra of (b) PAEK, PAEK/CA1, PAEK-CA1; and (c) PAEK-CA2 with

the UV treatment (λ of 365 nm and 254 nm); WAXD curves of (d) PAEK/CA and PAEK-CA; and (e) PAEK/CA1 treated at λ of 365 nm and

254 nm. [Color figure can be viewed at wileyonlinelibrary.com]
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the treated time at λ of 254 nm, the peak became shaper
again, depicted in Figure S4b. Figure 3d shows DSC curves
of PAEK/CA2, PAEK/CA1, PAEK-CA2, and PAEK-CA1.

CA monomers, acted as plasticizer, would decrease the Tg

of PAEK. We could observed that the Tg of PAEK/CA2
was 61.6�C, and the Tg of PAEK/CA1 was 64.2�C.

FIGURE 3 UV–visible absorption spectra (a) PAEK/CA2, PAEK/CA1, PAEK-CA2, and PAEK-CA1; (b) Different treated time with the

irradiation at λ of 365 nm on PAEK/CA2; (c) Different treated time with the irradiation at λ of 365 and 254 nm on PAEK/CA2; (d) DSC

curves of PAEK/CA2, PAEK/CA1, PAEK-CA2, and PAEK-CA1; (e) TGA curves of PAEK/CA2, PAEK/CA1, PAEK-CA2, and PAEK-CA1.

[Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 (a) 2D SAXS patterns and (b) 1D integral curves of PAEK/CA and PAEK-CA; (c) 2D SAXS patterns and (d) 1D integral

curves of PAEK/CA1 treated with UV irradiation with λ of 365 and 254 nm, respectively. [Color figure can be viewed at

wileyonlinelibrary.com]
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Nevertheless, while grafting CA groups onto PAEK main
chains, the chains entanglement became more intense,
promoting the increasing of Tg. There was not obvious
peak found for the PAEK-CA2 chains, which might be
concerned with the intense accumulation of PAEK chains,
and the Tg of PAEK-CA1 was 154.3�C. Figure 3e shows
the TGA curves of PAEK/CA2, PAEK/CA1, PAEK-CA2,
and PAEK-CA1. In Physical blending systems, the initial
degradation temperature (Ti) of PAEK/CA2 was 200�C,
higher than which of PAEK/CA1 (174.5�C). The residual
mass (ω) of PAEK/CA2 at 800�C was 41.2%, more than
which of PAEK/CA1 (28.5%). CA monomers, as a kind of
small molecule, possess the higher phenyl content than
PAEK molecular chains, which promoting the improve-
ment of thermal stability. Similarly, for chemical grafting
systems, the Ti of PAEK-CA2 was 248.2�C, higher than
which of 247.8�C. The ω of PAEK-CA2 was 16.6%, more
than which of PAEK-CA1 (14.9%). The Ti of physical
blending PAEK/CA was lower than chemical grafting
PAEK-CA, which was concerned with that the grafting of

CA onto PAEK chains increased the intrinsic thermal sta-
bility. Nevertheless, the ω of PAEK/CA was higher than
PAEK-CA, which was attributed to the higher phenyl con-
tent of CA monomers.

3.2 | Heat-actuated shape memory
behaviors

Heat-actuated shape memory behaviors of PAEK/CA and
PAEK-CA film samples are showed in Figure 4. In
Figure 4a, PAEK/CA1 film could finish the whole shape
recovery behaviors within 12 s at the temperature of
75�C (Tg + 10�C). In Figure 4b, the recovery ratio of
PAEK/CA2 film was the highest, of 96.5%. The recovery
ratio of PAEK/CA1 and PAEK-CA1 film was 93.2% and
93.5%, respectively. The recovery ratio of PAEK-CA2 was
the lowest of 91.8%. In the physical blending systems,
CA monomers acted as the plasticizer, which were
conducive to the flexibility of composites and movement

FIGURE 4 Heat-actuated shape memory effect of PAEK/CA and PAEK-CA film samples: (a) The whole shape memory process of

PAEK/CA1 film; (b) Recovery ratio; (c) Fixity ratio; (d) Shape memory mechanism of PAEK-CA (Scale bars of 1 cm). [Color figure can be

viewed at wileyonlinelibrary.com]
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of polymer system, promoting the shape recovery. As
the increasing of CA content, the plasticizing effect
enhanced, improving the shape recovery ability. In chem-
ical grafting systems, the incorporation of CA improved
the flexibility of PAEK molecular chains. Nevertheless,
the entanglement of PAEK main chains and CA side
groups became more intense, adverse to the movement of
molecular chains. In Figure 4c, all the film samples exhib-
ited the high shape fixity ratio, over 95%. The fixity ratio of
PAEK-CA films was higher than it of PAEK/CA films.
Figure 4d shows the mechanism of heat-actuated shape
memory behaviors. Due to the intrinsic thermoplastic,
physical entanglements of molecular chains and crystalline
phase were as the permanent “net points,” which deter-
mined the stationary and recovery of permanent shape.
Flexible segments of molecular chains were acted as the
reversible phase, which could deformed and fixed to

the temporary shape. Through the heating-deformation,
cooling-fixation, and heating-recovery, sample films exhib-
ited heat-actuated shape memory behaviors.

3.3 | Photo-actuated shape memory
behaviors

Figure 5 showed the photo-actuated shape memory
behaviors of PAEK/CA1 film. In Figure 5a, the horizontal
linear shape was as the permanent shape, and in this
stage, adjacent CA components maintained mutual inde-
pendence, where the double bonds were complete. After
treating at λ of 365 nm, the double bonds in CA compo-
nents cracked and reacted with other double bonds in
adjacent CA components, to form the crosslinking archi-
tecture. During this process, the temporary “M” shape

FIGURE 5 Photo-actuated shape memory behaviors of PAEK/CA and PAEK-CA film samples: (a) The whole shape memory process of

PAEK/CA1 film; (b) Recovery ratio; (c) Fixity ratio; (d) Shape memory mechanism of PAEK-CA (Scale bars of 1 cm). [Color figure can be

viewed at wileyonlinelibrary.com]

8 of 12 YANG ET AL.

 10974628, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/app.54444 by H

arbin Institute O
f T

echnology, W
iley O

nline L
ibrary on [07/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


FIGURE 6 Photo/thermal staged responsive shape memory behaviors of PAEK/CA1 films: (a) Photo-actuated deformation and heat-

actuated recovery, photo-responsive fixity and heat-actuated recovery, and heat-responsive fixity and photo-actuated recovery behaviors;

(b) Shape fixation and recovery mechanisms of PAEK-CA (Scale bars of 1 cm). [Color figure can be viewed at wileyonlinelibrary.com]
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was imparted by the external force. Afterwards, the tempo-
rary “M” shape sample was irradiated at λ of 254 nm for
60 min. At intervals, we could observed that the “M” shape
sample “collapsed”, which gradually tended to horizontal.
Ultimately, the shape recovered to the permanent linear
shape. In this stage, the formed crosslinking architecture
undone to form the independent double bonds. The inter-
nal stress stored before was released and the shape recovery
occurred spontaneously. Figure 5b shows the photo-
actuated shape memory effect of PAEK/CA and PAEK-CA
films. The recovery ratio of PAEK/CA1 was 86.3%, and
which of PAEK/CA2 was 88.2%. The increasing of CA con-
tent quantitatively increased the photosensitive groups, pro-
moting the shape recovery behaviors. Nevertheless, when
the CA groups was excess, non-grafted and non-crosslinked
groups increased correspondingly, which hindered the
movement of molecular chains, detrimental to the sponta-
neous shape recovery. The recovery ratio of PAEK-CA1
was 76.5%, and which of PAEK-CA2 was 80.5%. The move-
ment of PAEK molecular chains weakened after grafting
CA components, which was attributed to the entanglement
of adjacent molecular chains. In a comparison with physi-
cal blending PAEK/CA composites, chemical grafting
PAEK-CA molecular chains were more difficult to move,
resulting in the decreasing of recovery ratio. Figure 5c
shows the recovery ratio of PAEK/CA1 film after five times
of consecutive shape memory processes. After five times of
consecutive shape memory process, the recovery ratio
decreased from 88.2% to 55.8%. In photo-actuated shape
fixity and recovery process, the reaction extent of photo-
sensitive crosslinking and de-crosslinking reaction could

not reach up to 100%. Non-crosslinking double bonds and
non-de-crosslinking quaternion rings increased, decreas-
ing the extent of reversible addition reaction, which was
detrimental to the shape recovery. In Figure 5d, after the
irradiation at λ of 365 nm, double bonds of CA compo-
nents cracked, and the cycloaddition reaction occurred
between the adjacent double bonds. In this process, the
temporary shape could be obtained by external force and
fixed. Afterward, when the irradiation at λ of 254 nm, the
de-crosslinking reaction occurred, and the crosslinking
cyclic structures were opened, forming the original inde-
pendent double bonds. In this process, the internal stress
stored before was released, and shape recovery occurred.

3.4 | Photo/thermal staged responsive
shape memory behaviors

Figure 6a shows the photo/thermal staged responsive
shape memory behaviors of PAEK/CA1 films. In the first
type of photo-actuated deformation and heat-actuated
recovery process, upon the irradiation, the crosslinking
reaction between the adjacent CA components preferen-
tially took place on the side with irradiation (upper sur-
face), and almost CA components below did not respond to
irradiation. The stress difference between upper and below
surface made the film bend upward. Then, heating the
bended film, it could recover to the original shape. As for
the second type of photo-actuated fixity and heat-actuated
recovery behaviors. First, the film was irradiated at λ of
365 nm for 15 min to enable the programming of the

FIGURE 7 Summary of the photo/

heat dual and staged responsive shape

fixation and recovery behaviors by

combining independent photo/thermal

shape memory effect (def-deformation;

rec-recovery, and fix-fixity). [Color figure

can be viewed at

wileyonlinelibrary.com]
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temporary shape by the external force. Then, the heating of
sample to 75�C resulted in the shape recovery within 10s.
As for the third type of heat-actuated fixity and photo-
actuated recovery behaviors, the film was firstly heated and
deformed into the temporary shape by external force. Then,
it was irradiated at λ of 365 nm, and the shape recovery
could be triggered. Nevertheless, the bended surfaces on the
two side of film due to the less irradiation, could not recover
to the permanent shape, which indicated that the shape
recovery of the film treated with irradiation was based on
the photosensitive reaction, not radiant heating. Figure 6b
shows the mechanism of photo/heat staged responsive
shape memory effect, which was just the combination of
heat-actuated shape fixation, shape recovery with photo-
actuated shape fixation, shape recovery. While the film sam-
ple was treated with asymmetric irradiation at λ of 365 nm,
the crosslinking reaction between the adjacent CA compo-
nents preferentially took place on the side with irradiation,
but other CA components did not respond to irradiation.
The stress difference imparted film spontaneous bending
deformation. Then, it recovered to the permanent shape trig-
gered by heating. During the photo-responsive fixation, the
cycloaddition reaction occurred and the temporary shape
could be obtained by external force and fixed. Then, the film
was heated, and shape recovery occurred. Meanwhile, the
temporary shape of film could also be obtained by heating
and external force. Then, shape recovery could be triggered
by the irradiation at λ of 365 nm. These photo-responsive
fixity, heat-actuated recovery and heat-responsive fixity,
photo-actuated recovery behaviors could be concluded into
photo/heat staged responsive shape memory behaviors.

The fabricated PAEK/CA and PAEK-CA materials
both exhibited the excellent heat-triggered shape memory
effect and photo-triggered shape memory effect. Besides,
we achieved the photo/heat staged responsive shape
memory behaviors through extracting the independent
shape fixity and recovery process, and combing them
again. We summarized these interesting photo/heat dual
and staged responsive behaviors, which illustrated in
Figure 7. These unique staged responsive shape memory
behaviors opened doors for the functionalization design-
ing of the multi-responsive smart materials.

4 | CONCLUSIONS

In this paper, we reported a facile strategy for the fabrica-
tion of photo/thermal dual and staged responsive shape
memory PAEK. Photosensitive CA groups were grafted onto
PAEK chains via conventional condensation polymerization
and physically blending to impart the photo-response prop-
erty. After irradiating at λ of 365 nm, the double bonds in
CA groups cracked and the cycloaddition occurred. As the

increasing of exposure time, the crosslinking degree
gradually increased. On the other side, after irradiating at λ
of 254 nm, de-crosslinking reaction occurred, and double
bonds formed again. More importantly, the fabricated
PAEK-CA and PAEK/CA materials exhibited photo/heat
staged responsive shape memory effect, including photo-
responsive shape deformation and heat-triggered shape
recovery, photo-responsive shape fixity and heat-triggered
shape recovery, even heat-triggered shape fixity and photo-
responsive shape recovery behaviors. We believed these
photo/heat dual responsive and photo/heat staged respon-
sive shape memory PAEK materials possessed the great
potential in fields of soft robots, smart actuators, and
deformable devices.
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