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Abstract   Nature has been inspiring material researchers to fabricate biomimetic functional devices for various applications, and shape-memory
polymer materials (SMPMs) have received tremendous attention since the promising intelligent materials possess more advantages over others
for the fabrication of biomimetic functional devices. As is well-known, SMPMs can be stimulated by heat, electricity, magnetism, pH, solvent and
light. From the viewpoint of practical applications, ultraviolet (UV)-visible (Vis)-near infrared (NIR) light-responsive SMPMs are undoubtedly more
advantageous. However, up to now, UV-Vis-NIR light-deformable SMPMs by combining photothermal and photochemical effects are still rarely
reported. Here we designed a UV-Vis-NIR light-deformable SMP composite film via incorporating a liquid crystal (LC) mixture and graphene oxide
(GO) into a shape-memory polyurethane matrix. The elongated composite films exhibited interesting photomechanical bending deformations
with  different  light-triggered  mechanisms,  (1)  photochemically  induced  LC  phase  transition  upon  UV  exposure,  (2)  photochemically  and
photothermally  induced  LC  phase  transition  upon  visible-light  irradiation,  (3)  photothermally  triggered  LC  phase  transition  and  partial  stress
relaxation  upon  low-intensity  NIR  exposure.  All  the  deformed  objects  could  recover  to  their  original  shapes  by  high-intensity  NIR  irradiation.
Moreover, the biomimetic circadian rhythms of acacia leaves and the biomimetic bending/spreading of fingers were successfully achieved, which
could blaze a way in the field of biomimetic functional devices due to the excellent light-deformable and shape-memory properties of the SMP
composite films.
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INTRODUCTION

The variety of movements in the biological world has provided
inspirations  to  material  scientists  and  engineers  for  the
engineering  of  biomimetic  functional  devices.  Among  various
potential  materials  capable  of  utilization  for  biomimetic
functional  systems,  polymer  materials  possess  incomparable
advantages  over  others  due  to  their  light  weight,  suppleness,
low  costs,  and  more  importantly,  high  processability  and  easy
functionalization.[1] Shape-memory  polymer  (SMP)  is  a
prominent  class  of  smart  materials  that  can  be  deformed
when  programmed  above  their  shape-memory  transition
temperatures  which  can  be  a  glass  transition  temperature,  a
melting  temperature  or  less  commonly  liquid  crystal  clearing
temperature,[2] allowing remoulding and recycling processes.[3,4]

Due  to  their  superior  properties,  SMP  materials  (SMPMs)  have
been  applied  to  the  fields  of  soft  actuators  and  functional

devices.[5] Currently,  the  most  widely  investigated  SMPMs  are
thermally,[6−9] electrically,[10,11] magnetically,[12,13] pH[14] and
humidity[15] responsive, etc.  However,  the  traditional  stimuli
(such  as  heat,  electricity,  magnetism, etc.)  usually  require  the
external energy input. On the other hand, light can be used as a
precise  stimulus,  which  can  be  controlled  remotely  and
rapidly.[16−19] Light-deformable SMPMs can directly convert light
energy  into  mechanical  energy  upon  light  irradiation,  which
seem to be promising in miniaturized functional devices.

As is well-known, azobenzene has been used as a molecu-
lar  switch  to  convert  light  energy  into  the  conformational
change,[20,21] which subsequently enables the materials  mac-
roscopically deformable upon ultraviolet (UV) exposure.[22−26]

Therefore,  incorporation  of  azobenzene  chromophores  into
SMPMs can endow them with photoresponse.[27,28] Neverthe-
less, UV light is non-ideal for practical applications because it
can  accelerate  the  aging  and  fading  of  materials,  and  bring
great  harmfulness  to  organisms.[29] In  comparison,  the  long-
wavelength visible (Vis) or near-infrared (NIR) light can pene-
trate  into  deeper  tissues  and bring less  damage to  materials
or  organisms.[30] Currently,  two  strategies  may  be  adopted
to  endow  azobenzene-containing  SMPMs  with  multi-
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wavelength  light  response:  (a)  modification  of  azobenzene
structures,  which  usually  requires  the  structural  design  and
tedious synthesis, (b) introduction of up-conversion materials
(UCMs), which is dissatisfactory due to the high cost, complex
synthesis  and  low  up-conversion  efficiency  of  UCMs.  In  our
previous  work,[31] UV-Vis-NIR  light-deformable  poly  (vinyl  al-
cohol)  (PVA)  composites  were  fabricated  by  doping  with  an
azobenzene-containing  liquid  crystal  (LC)  mixture  and
graphene oxide (GO), however, they were short of the recyc-
lable shape reprogramming capability owning to the inability
to  reprogram  the  deformations.  Developing  the  materials
that  allow  for  shape  re-moulding  would  greatly  increase  the
potential of light-responsive materials, alleviating the present
restrictions in actuation design and freedom, and SMPMs can
be  repeatedly  moulded  when  heated  above  their  shape-
memory  temperatures,  enabling  them  attractive  as  highly
versatile  materials  for  light-driven  functional  devices.  There-
fore, we prepared UV-Vis-NIR light-deformable SMPMs doped
with  azobenzene  and  UCM,[32] which  could  be  re-deformed
and  recycled.  However,  the  green  light-induced trans-to-cis
isomerization  degree  of  azobenzene  was  so  small  that  the
bending  speeds  of  the  composite  films  were  slower  upon
green  light  exposure.  In  addition,  the  up-conversion  effi-
ciency  of  the  UCM  was  lower,  so  the  NIR  light  intensity  and
exposure time had to be significantly increased to gain large
deformations of the composite films. Besides, all the deforma-
tions of the composite films returned to their original shapes
only by heating rather than irradiating.

Here, to solve the above-mentioned problems, we presen-
ted a composite with rapid UV-Vis-NIR light-deformations and
shape  reprogramming,  in  which  a  commercially  available
shape-memory  polyurethane  (SMPU)  served  as  the  matrix,
giving  the  material  remoulding  and  recycling  properties,  an
azobenzene-containing  LC  mixture  and  GO  acted  as  the
phase  transition  component  and  photothermal  conversion
component,  respectively.  The  elongated  composite  films
showed  fast  and  large  photomechanical  bending  deforma-
tions  upon UV/Vis/NIR exposure,  and all  the deformations  of
the composite films could recover to their original shapes by
high-intensity  NIR  irradiation.  By  utilization  of  the  light-de-
formable shape-memory composite films (SMCFs), the biomi-
metic circadian rhythms of acacia leaves and the biomimetic
bending/spreading of fingers were successfully achieved. The
UV-Vis-NIR  light-deformable  composite  film  has  paved  the
way  towards  biomimetic  functional  devices  due  to  its  good
wavelength selectivity,  fast  and large light-deformations and
excellent  shape-memory properties,  which will  be practically
applicable as sunlight-driven functional materials in the near
future.

EXPERIMENTAL

Materials
P-aminobenzonitrile  (Beijing  Norway  Technology,  Beijing,
China;  98%),  hydrochloric  acid  (Xilong  Science,  Beijing,  China;
36  wt%−38  wt%),  sodium  acetate  (CH3COONa,  Xilong  Science,
Beijing,  China;  99%),  potassium  carbonate  (K2CO3,  Xilong
Science,  Beijing,  China;  99%),  Sodium  nitrite  (NaNO2,  Xilong
Chemical,  Zhengzhou,  China;  99%),  Phenol  (Sinopharm
Chemical  Reagent,  Beijing,  China;  99%), n-pentyl  bromide

(Sinopharm  Chemical  Reagent,  Beijing,  China;  99%),
potassium  iodide  (KI,  Sinopharm  Chemical  Reagent,  Beijing,
China;  99%),  Ammonia  solution  (Beijing  Chemical  Plant,
Beijing,  China;  25  wt%),  4-cyano-4’-pentyl  biphenyl  (5CB,
Sinopharm  Chemical  Reagent,  Beijing,  China;  98%),  SMPU
solution (Haina Environmental Protection Technology, Jining,
China;  35  wt%),  GO  (Sinopharm  Chemical  Reagent,  Beijing,
China; 98%) were used as received.

Synthesis of 4-Cyano-4’-pentyloxyazobenzene
The azobenzene compound 4-cyano-4’-pentyloxyazobenzene
(5CAZ)  was  synthesized  by  referring  to  the  previously
reported literature.[32]

Preparation of Azobenzene-containing LC Mixtures
In this section, the LC mixture with 5 mol% 5CAZ was taken as
an example. Firstly, 5CAZ (7.4 mg, 0.025 mmol) and 5CB (0.12 g,
0.48 mmol)  were dissolved in 0.4 mL of THF.  After evaporation
of the solvent, the LC mixture in liquid state was obtained. Other
LC  mixtures  with  different  molar  fractions  of  5CAZ  were
prepared by the similar steps.

Preparation of SMPU-based Composite Films
In this section, the 5CAZ/5CB/GO/SMPU film with 3 wt‰ GO
was  taken  as  an  example.  As  shown  in  Scheme  S1  (in  the
electronic  supplementary  information,  ESI),  firstly,  11  mg  of
GO was ultrasonically dispersed in 1.2 mL of DMF. Then 9.6 g
of SMPU solution containing 3.4 g of  SMPU and 0.23 g of  LC
mixture  with  5  mol%  5CAZ  were  added  to  the  former
dispersion system, and the mixture was stirred at 80 °C for 5 h.
After cooling to room temperature, the resulting solution was
uniformly  cast  on  the  glass  substrate  and  dried  at  80  °C  for
12  h.  Finally,  the  5CAZ/5CB/GO/SMPU  film  with  a  thickness  of
about 0.3 mm was obtained by peeling off  the glass substrate.
Other composite films with different component contents were
prepared by  the  similar  steps.  The component  contents  of  the
composite films are shown in Table S1 (in ESI).

The  elongated  composite  films  were  prepared  as  follows.
The  composite  films  with  original  dimensions  of  10  mm
(length) × 5 mm (width) × 0.3 mm (thickness) were stretched
to 200% strains at 65 °C with a rate of 2 mm/min, and then the
elongated shapes of the films were fixed at 65 °C for 12 h to
release the residual stress,  followed by cooling to room tem-
perature slowly to obtain the elongated composite films.

Characterization
The morphology of the cross section of the composite film was
observed  by  using  a  scanning  electron  microscope  (SEM,
SU8010, HITACHI).  The LC texture of 5CAZ, the LC textures and
light-induced  phase  transitions  of  the  LC  mixtures,  and  the
optical anisotropy of the composite film were observed by using
a  polarizing  optical  microscope  (POM,  Axio  Scope  A1,  ZEISS).
The  UV-visible  absorption  spectra  of  5CAZ  and  the  composite
films were recorded using a UV/VIS/NIR spectrometer (Lambda
750,  PerkinElmer).  365  nm  UV  and  460  nm  blue  lights  were
performed by using a controller (HTLD-4, Shenzhen Height-LED
Photoelectric  Technology  Co.,  Ltd.),  and  808  nm  NIR  light  was
performed  using  a  controller  (MDL-H,  Changchun  New
Industries  Photoelectric  Technology  Co.,  Ltd.).  The  light
intensities  of  light  sources  were  measured  by  a  photometer
(CEL-NP2000,  Zhongjiao  Jinyuan  Technology  Co.,  Ltd.).  The
surface  temperatures  of  the  LC  mixtures  and  the  composite
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films  were  monitored  by  using  an  infrared  imaging  system
(SC7000, FLIR).

The thermodynamic properties of  5CAZ, SMPU and the LC
mixtures were measured by a differential scanning calorimet-
er (DSC, DSC 8000, PerkinElmer). The LC mixtures were heated
from −20 °C to 60 °C at a rate of 10 °C/min, 5CAZ from −20 °C
to 160 °C at a rate of 10 °C/min, and SMPU from −50 °C to 120
°C at  a  rate of  20 °C/min.  All  the samples were sealed in alu-
minium pans and measured in nitrogen atmosphere.

The dynamic  mechanical  analysis  of  SMPU was performed
by using a rheometer (MCR 301, Anton Paar Physica) (Fig.  S1
in  ESI).  SMPU  was  heated  from  −10  °C  to  100  °C  at  a  rate  of
3  °C/min.  The  diameter  of  the  parallel  plate:  8  mm,  the  gap
spacing: 0.3 mm, strain: 0.1%, frequency: 1 Hz.

The  tensile  stress-strain  measurements  of  the  composite
films  were  carried  out  by  a  universal  testing  machine  (CMT-
10, Jinan Liangong Testing Technology Co., Ltd.). The original
dimensions  of  the  composite  films  are  10  mm  (length)  ×
5 mm (width) × 0.3 mm (thickness),  which were stretched to
fracture at room temperature with a rate of 5 mm/min to ob-
tain the stress-strain curves.

The  composite  film  with  dimensions  of  10  mm  (length)  ×
5  mm  (width)  ×  0.3  mm  (thickness)  was  stretched  to  200%
strain at  65 °C.  Upon subsequent  cooling to room temperat-
ure under the load,  the composite film reached a strain εload.
After removing the stress, the composite film reached a fixed
strain ε.  Subsequently,  under  a  stress  free  condition,  the
elongated  composite  film  was  heated  to  reach  a  recovered
strain εrec. The shape fixing ratio Rf and shape recovery ratio Rr

can be calculated by using the following equations:[2]

Rf =
ε

εload
× 100% (1)

Rr =
ε − εrec

ε × 100% (2)

RESULTS AND DISCUSSION

Characterization of Azobenzene-containing LC
Mixtures
The  LC  mixtures  are  composed  of  5CAZ  and  5CB  in  different
molar ratios. 5CAZ is a nematic LC with a melting point (mp) of
110.8 °C and the LC-to-isotropic (I) phase transition temperature

(Ti) of 117.8 °C (Fig. S2 in ESI), which serves as a photoswitch and
undergoes  the trans-to-cis isomerization  upon  365  nm  UV  or
460  nm  visible-light  exposure  (Fig.  S3  in  ESI).  Similarly,  5CB  is
also a nematic LC with a mp of 18.8 °C and a comparatively low
Ti of 36.0 °C, which is utilized to prepare low-Ti LC mixtures with
5CAZ,  thereby  enabling  the  LC  mixtures  to  easily  undergo
photochemically  or  photothermally  induced  phase  transitions.
5CAZ  and  5CB  were  dissolved  in  THF  in  different  molar  ratios,
upon  evaporation  of  the  solvent,  the  LC  mixtures  were
obtained,  which  exhibited  nematic  LC  textures  at  room
temperature  (Fig.  1a). Fig.  1(b) shows  the  thermodynamic
properties  of  the  LC  mixtures.  As  the  molar  fraction  of  5CAZ
increases from 0% to 5%, the mps of the LC mixtures decrease
from 18.8 °C to 16.2 °C while the Tis increase from 36.0 °C to 39.5
°C.  However,  when  the  molar  fraction  of  5CAZ  exceeds  5%,  a
part of 5CAZ solids could separate out of the mixtures (Fig. S4 in
ESI).  Here,  the LC mixture with 5  mol% 5CAZ is  utilized for  the
following studies.

Subsequently,  the  LC-to-I  phase  transition  of  the  LC  mix-
ture  with  5  mol%  5CAZ  was  investigated.  Before  light  irradi-
ation,  the  LC  mixture  exhibited  a  nematic  schlieren  texture.
When exposed to light, the entire field of vision became dark
upon UV irradiation (365 nm, 110 mW/cm2)  for 7 s or visible-
light  (460  nm,  110  mW/cm2)  irradiation  for  36  s  (Movies  S1
and  S2  in  ESI),  and  the  surface  temperatures  of  the  LC  mix-
ture  were  much  lower  than  its Ti (39.5  °C)  in  the  process  of
light exposure (Fig. S5 in ESI), indicating the occurrence of the
photochemically  induced  LC-to-I  phase  transition  caused  by
the trans-to-cis isomerization of 5CAZ. It  is  worth noting that
the  LC-to-I  phase  transition  of  the  LC  mixture  did  not  occur
upon NIR  exposure  (808  nm,  210 mW/cm2)  (Movie  S3  in  ESI)
due to the NIR light inertness of 5CAZ and 5CB.

Characterization of SMPU-based Composite Films
The composite films were prepared by drop-coating the SMPU
solution  on  the  glass  substrate  (Scheme  S1  in  ESI),  the
component  contents  of  which  are  shown  in  Table  S1  (in  ESI).
The SMPU-based composite film consists of three components:
(a)  SMPU  (Mn=1.2×105 g/mol,  PDI=2.2),[32] which  serves  as  the
matrix due to its  good film formation and superior mechanical
properties,[33] its  chemical  structure  is  shown  in Fig.  2(a),
diphenylmethane  moieties  act  as  hard  segments  and
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Fig.  1    (a)  POM  image  of  the  LC  texture  of  the  LC  mixture  with  5  mol%  5CAZ.  Inset:  Molecular  structures  of  5CAZ  and  5CB;  (b)  DSC
curves of the LC mixtures.
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polycaprolactone  moieties  as  soft  segments,[34,35] its  glass
transition temperature of hard segments (Tgh) is 53.5 °C (Fig. S6
in  ESI);  (b)  azobenzene-containing  LC  mixture,  which  acts  as  a
photoswitch  and  undergoes  the  LC-to-I  phase  transition  upon
UV  or  visible-light  exposure,  and  (c)  GO,  which  possesses
superior  properties[36] and  is  utilized  to  convert  the  absorbed
light energy into heat energy.

To determine the distribution of the LC mixture in the com-
posite  film,  the  film  was  immersed  in n-hexane  for  24  h,  fol-
lowed  by  drying  at  room  temperature.  Subsequently,  the
morphology of the cross section of the film was observed by
SEM.  Before  immersion,  the  cross  section  of  the  composite
film  is  imporous.[32,33] After  immersion  in n-hexane  for  24  h,
the cross section of the film is full of holes (Fig. 2b), indicating
that  the  LC  mixture  has  been  successfully  removed.  Besides,
Fig.  2(b) also  shows  that  the  number  of  holes  in  the  upper
part  of  the  film  is  much  more  than  that  in  the  lower  part,
demonstrating that  the  composite  film spontaneously  forms
a bilayer-like structure,  the upper part of the film is  a LC-rich
layer  and  the  lower  part  is  a  LC-poor  one,  which  is  because
5CAZ and 5CB with small surface energies tend to migrate to

the upper surface to reduce the surface energy of the whole
composite film.[32] Besides, the evaporation of DMF also con-
tributes  to  the  surface  migrations  of  5CAZ  and  5CB  due  to
their good solubility in DMF. In addition, to investigate the ef-
fect  of  GO  on  the  mechanical  properties  of  the  composite
films,  five specimens with dimensions of  10 mm (length) × 5
mm  (width)  ×  0.3  mm  (thickness)  were  stretched  by  using  a
universal testing machine at room temperature with a rate of
5  mm/min.  As  shown  in Fig.  2(c),  with  the  increment  of  the
mass  fraction  of  GO,  the  elongations  at  break  (EBs)  of  the
composite  films  gradually  increase  due  to  the  enhancement
effect  of  GO,[33] whereas,  when  the  mass  fraction  of  GO  ex-
ceeds  3‰,  the  EBs  of  the  films  significantly  decrease  pro-
bably because of the agglomeration of GO. Here, the compo-
site film with 3 wt‰ GO, namely 5CAZ/5CB/GO(3wt‰)/SMPU,
is utilized for the following studies.

Moreover, to enable the composite films light-deformable,
the  homogeneous  orientation  of  LC  domains  is  indispens-
able,  while  the  mechanical  stretching  treatment  is  a  relati-
vely simple and effective approach to gaining the homogen-
eous  orientation  of  LC  domains  along  the  stretching  direc-
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tion.[31−33] As expected, the lowest transmittance is observed
when the stretching direction of  the composite  film is  paral-
lel  to  either  of  the  polarizer  axes  (Fig.  2d),  while  the  highest
transmittance  appears  when  the  stretching  direction  of  the
film is at 45° to each polarizer axis (Fig. 2e), indicating the ho-
mogeneous  orientation  of  LC  domains  along  the  stretching
direction.  Besides,  as  seen  clearly  from Fig.  2(e),  the  LC  do-
mains  (green  ellipsoids)  in  the  composite  film  are  indeed
aligned along the stretching direction.

UV-Vis-NIR Light-induced Deformations
The  light-deformable  behaviors  of  5CAZ/5CB/GO(3wt‰)/
SMPU films were investigated upon UV/Vis/NIR exposure.  As  is
well-known,  volume  contraction  usually  occurs  upon
transforming  from  the  horizontally  aligned  LC  phase  to  the
isotropic  phase,  which  can  be  utilized  to  induce  the
deformations  of  soft  materials.[37] Although  the  volume
contraction  at  microscopic  scale  is  too  weak  to  be  detected,
incorporating LC molecules into polymer matrixes may enhance
the photomechanical effect.[38] That is to say, a small amount of
LC  molecules  may  bring  about  a  macroscopical  deformation.
For  the  composite  films,  light  can  penetrate  deep  enough  to
trigger  the  LC-to-I  phase  transition.[32] Upon  light  irradiation,
the  horizontally  aligned  LC  domains  in  the  elongated
composite  films  with  bilayer-like  structures  underwent  the
LC-to-I  phase  transition,  and  then  an  asymmetric  volume
contraction  occurred  along  the  stretching  direction.  The
elongated  5CAZ/5CB/GO(3wt‰)/SMPU  films  bent  towards
the UV/Vis/NIR light along the stretching direction when their
top  surfaces  faced  light  sources  (Movies  S4−S6  in  ESI),
whereas,  when  the  bottom  surfaces  of  the  elongated  films
were  exposed  to  light,  they  bent  away  from  the  incident
direction of the actinic light (Movies S7−S9 in ESI), which was
because  the  upper  part  (LC-rich  layer)  of  the  composite  film
showed a larger volume contraction than the lower part (LC-
poor  layer)  upon  light  exposure,  similar  to  the  so-called
bimetal mechanism of LC elastomers.[39]

To quantitatively compare the deformation degrees of the
composite films, a parameter of bending degree F = (l0 – l)/l0
is introduced, where l0 and l are the linear lengths of the films
before  and  after  illumination,  respectively.[31,32] Upon  UV
(365  nm,  110  mW/cm2)  exposure,  the  elongated  SMPU  and
5CB/SMPU films were nearly unbending while the elongated
5CAZ/5CB/SMPU film showed a large F value of 0.35 (Fig. 3a),
indicating  that  5CAZ  was  indispensable  for  the  UV-induced
bending  deformation  of  the  composite  film.  However,  when
GO  was  incorporated  into  the  5CAZ/5CB/SMPU  film,  the F
value  (F=0.32)  of  the  elongated 5CAZ/5CB/GO(3wt‰)/SMPU
film  decreased  slightly  upon  UV  irradiation  (Fig.  3a),  which
was because GO absorbed a part of UV light and enabled the
decrease  of  the trans-to-cis photoisomerization  degree  of
5CAZ (Figs. S7a and S7b in ESI).  In addition, in the process of
UV  irradiation,  the  surface  temperatures  of  the  elongated
5CAZ/5CB/SMPU and 5CAZ/5CB/GO(3wt‰)/SMPU films were
always lower than the Ti (39.5 °C) of  the LC mixture (Fig.  3b).
The above results demonstrate that the UV-induced bending
deformation  of  the  elongated  5CAZ/5CB/GO(3wt‰)/SMPU
film is mainly attributed to the photochemically triggered LC-
to-I phase transition caused by the trans-to-cis photoisomeriz-
ation of 5CAZ. Upon visible-light (460 nm, 110 mW/cm2) irra-

diation, the elongated SMPU and 5CB/SMPU films were nearly
unbending  whereas  the  elongated  5CAZ/5CB/SMPU  film
showed a F value of 0.22 (Fig.  3c),  and the surface temperat-
ure of  the elongated 5CAZ/5CB/SMPU film was always much
lower than the Ti (39.5 °C) of the LC mixture in the process of
visible-light  irradiation  (Fig.  3d),  indicating  the  photochemi-
cally  induced  bending  deformation  of  the  composite  film
triggered by the LC-to-I phase transition caused by the trans-
to-cis photoisomerization of  5CAZ (Fig.  S7c in ESI).  When GO
was  introduced  to  the  5CAZ/5CB/SMPU  film,  the F value
(F=0.31)  of  the  elongated  5CAZ/5CB/GO(3wt‰)/SMPU  film
significantly  increased  upon  visible-light  exposure  (Fig.  3c),
and  the  surface  temperature  of  the  elongated  5CAZ/
5CB/GO(3wt‰)/SMPU  film  rose  to  45.1  °C  in  the  process  of
visible-light  exposure  (Fig.  3d),  5.6  °C  higher  than  the Ti

(39.5  °C)  of  the  LC  mixture,  demonstrating  that  the  visible
light-induced  bending  deformation  of  the  elongated
5CAZ/5CB/GO(3wt‰)/SMPU  film  is  ascribed  to  a  combina-
tion  of  the  photochemically  triggered  LC-to-I  phase  transi-
tion  caused  by  the trans-to-cis photoisomerization  of  5CAZ
and the photothermally  induced LC-to-I  phase transition de-
rived from the photothermal effect of GO. Upon NIR (808 nm,
210 mW/cm2) exposure, the elongated SMPU, 5CB/SMPU and
5CAZ/5CB/SMPU films were unbending due to the absence of
GO (Fig.  3e).  When GO was incorporated into the SMPU film,
the elongated GO/SMPU film showed a  large F value  of  0.30
upon NIR irradiation (Fig.  3e),  which was because the photo-
thermal effect of GO enabled the surface temperature of the
composite film to rise to 72.1 °C in the process of NIR expos-
ure (Fig. 3f), much higher than the Tgh of SMPU (53.5 °C), lead-
ing  to  the  partial  stress  relaxation  of  the  composite  film.[40]

When  the  elongated  5CAZ/5CB/GO(3wt‰)/SMPU  film  was
exposed to NIR light (808 nm, 210 mW/cm2),  it  showed a lar-
ger F value  (F=0.51)  than  the  GO/SMPU  film  (Fig.  3e),  which
was because the photothermal effect of GO enabled the sur-
face temperature of the composite film to reach 67.6 °C in the
process  of  NIR  irradiation  (Fig.  3f),  much  higher  than  the Ti

(39.5 °C) of the LC mixture and the Tgh of SMPU (53.5 °C), lead-
ing  to  a  combination  of  the  photothermally  induced  LC-to-I
phase transition and the partial  stress  relaxation of  the com-
posite film.

As  is  well-known,  the  shape-memory  property  is  con-
sidered to be an important  factor  in  determining the perfor-
mances of SMPMs, which is of great significance to the practi-
cal  applications  of  SMPMs.[41−43] The  sequential  shape
changes of  the 5CAZ/5CB/GO(3wt‰)/SMPU film is  shown in
Fig.  4(a).  Firstly,  the  composite  film  was  stretched  to  200%
strain by using a universal testing machine at 65 °C, followed
by  cooling  to  room  temperature  slowly  to  obtain  the  elong-
ated  temporary  shape  (shape  fixing  ratio Rf=70.0%±2.3%).
Subsequently, the elongated composite film was upswept by
exposure to UV light (365 nm, 110 mW/cm2) for 100 s, visible
light  (460  nm, 110  mW/cm2)  for  108  s  or  NIR  light  (808  nm,
210 mW/cm2) for 65 s, which could nearly revert to its origin-
al  flat  shape  (shape  recovery  ratio Rr=88.3%±3.5%)  upon
high-intensity  NIR  (808  nm,  470  mW/cm2)  exposure  (Movie
S10  in  ESI)  because  the  photothermal  effect  of  GO  enabled
the  upper  and  lower  surface  temperatures  of  the  composite
film to rise to be above 80 °C (Fig. 4b), much higher than the
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Tgh of SMPU (53.5 °C), thereby leading to the sufficient stress
relaxation of the composite film.[40] It is worth noting that the
sequential shape changes of the 5CAZ/5CB/GO(3wt‰)/SMPU
film  could  be  reversibly  achieved  upon  sequential  thermal
stretching and light irradiation.

Application: Biomimetic Actuators
Currently,  inspired  by  natural  movements,  the  biomimetic
researches  are  in  full  swing,  and  the  excellent  light-

deformations  of  the  composite  film  enables  it  more
advantageous in the field of biomimetic functional devices. By
means  of  the  light-induced sequential  shape changes  of  the
5CAZ/5CB/GO(3wt‰)/SMPU  film,  the  biomimetic  circadian
rhythms of  acacia  leaves (the opening and closing of  leaves)
were successfully  achieved.  Firstly,  four composite films with
dimensions  of  5  mm  (length)  ×  5  mm  (width)  ×  0.3  mm
(thickness) were stretched to 200% strains at 65 °C, and then
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Fig.  3    (a)  Changes  in  the  bending  degrees  of  four  films  with  time  upon  UV  (365  nm,  110  mW/cm2)  irradiation;  (b)  Changes  in  the
surface temperatures of two films with time upon UV (365 nm, 110 mW/cm2) exposure; (c) Changes in the bending degrees of four films
with  time  upon  visible-light  (460  nm,  110  mW/cm2)  irradiation;  (d)  Changes  in  the  surface  temperatures  of  two  films  with  time  upon
visible-light  (460  nm,  110  mW/cm2)  exposure;  (e)  Changes  in  the  bending  degrees  of  five  films  with  time  upon  NIR  (808  nm,  210
mW/cm2) irradiation; (f) Changes in the surface temperatures of two films with time upon NIR (808 nm, 210 mW/cm2) exposure.
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the  four  elongated  films  bonded  with  green  rectangular
cardboards were glued to a  plastic  rod by using the double-
sided  adhesive.  As  shown  in Fig.  5(a),  upon  UV  (365  nm,
110  mW/cm2),  visible  (460  nm,  110  mW/cm2)  or  NIR  (808  nm,
210  mW/cm2)  exposure,  the  elongated  composite  films  bent
towards  the  light  source,  simulating  the  closing  of  acacia  lea-
ves  (Movie  S11  in  ESI).  Upon  high-intensity  NIR  (808  nm,

470  mW/cm2)  irradiation,  the  bent  composite  films  almost
returned to their original flat shapes, mimicking the opening of
acacia  leaves.  In  addition,  the  biomimetic  bending/spreading
of  fingers  were  also  successfully  achieved  by  utilizing  the
5CAZ/5CB/GO(3wt‰)/SMPU  films.  Firstly,  black  elongated
composite  films  with  200%  strains  were  glued  to  a  yellow
rectangular  5CAZ/SMPU  film  by  using  DMF.  As  shown  in
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Fig.  5(b),  when  exposed  to  UV  (365  nm,  110  mW/cm2),  visible
(460  nm,  110  mW/cm2)  or  NIR  (808  nm,  210  mW/cm2)  light,
the  black  composite  films  bent  towards  the  incident  direction
of  the  actinic  light,  simulating  the  bending  of  fingers  (Movie
S12  in  ESI).  Upon  high-intensity  NIR  (808  nm,  470  mW/cm2)
exposure,  the  bent  composite  films  nearly  reverted  to  their
original  flat  shapes,  mimicking  the  spreading  of  fingers.
Moreover,  it  is  worth  noting  that  the  biomimetic  circadian
rhythms  of  acacia  leaves  and  the  biomimetic  bending/
spreading  of  fingers  could  be  reversibly  achieved  upon
successive thermal stretching and photoirradiation.

CONCLUSIONS

In  summary,  a  UV-Vis-NIR  light-deformable  SMPU-based
composite  film  was  successfully  prepared.  Due  to  the  surface
migrations  of  5CAZ  and  5CB  in  the  film-forming  process,  the
composite  film  spontaneously  formed  a  bilayer-like  structure
with  the  upper  part  as  a  LC-rich  layer  and  the  lower  part  as  a
LC-poor  one.  The  elongated  composite  films  not  only  showed
UV-induced  bending  deformations  triggered  by  the
photochemically induced LC phase transition, but also exhibited
visible  light-triggered  bending  deformations  attributed  to  the
photochemically  and  photothermally  induced  LC  phase
transition,  and  NIR-induced  bending  deformations  caused  by
the photothermally triggered LC phase transition and the partial
stress  relaxation  of  the  composite  films.  By  introducing  the
photothermal effect, the bending degrees and bending speeds
of  the  composite  films  were  improved.  All  the  deformations
were capable of shape recoveries by exposure to high-intensity
NIR  light.  It  is  worth  mentioning  that  the  sequential  shape
changes  of  the  composite  film  could  be  reversibly  achieved
upon  sequential  thermal  stretching  and  photoirradiation.
Attractively,  by  means  of  the  light-induced  sequential  shape
changes  of  the  composite  film,  the  biomimetic  circadian
rhythms  of  acacia  leaves  and  the  biomimetic  bending/
spreading of  fingers  were  successfully  and reversibly  achieved,
which could be promising in the field of biomimetic functional
devices.  The  UV-Vis-NIR  light-deformable  composite  could  be
promising for the utilization of solar energy, and might be used
as a sunlight-driven functional material in the near future.
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