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Featured Application: Inspired by nature, mechanical and material engineers construct innovative operating robotic models. Bio-inspiration always sparks novel ideas to design smart materials and structures for the development of innovative robots.
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Abstract: Bio-inspiration relentlessly sparks the novel ideas to develop innovative soft robotic
structures from smart materials. The conceptual soft robotic designs inspired by biomimetic routes
have resulted in pioneering research contributions based on the understanding of the material
selection and actuation properties. In an attempt to overcome the hazardous injuries, soft robotic
systems are used subsequently to ensure safe human–robot interaction. In contrast to dielectric
elastomer actuators, prolific efforts were made by understanding the photo-actuating properties of
liquid crystalline elastomers (LCEs) containing azo-derivatives to construct mechanical structures
and tiny portable robots for specific technological applications. The structure and material properties
of these stimuli-responsive polymers can skillfully be controlled by light. In this short technical
note, we highlight the potential high-tech importance and the photo-actuation behavior of some
remarkable LCEs with azobenzene chromophores.
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1. Introduction
Liquid crystalline elastomers (LCEs) are a new unique class of material derived from
the combination of elasticity properties (like in an elastomer) and orientational order
of mesogenic building blocks (liquid crystalline molecular array). Typically, mesogenic
units are incorporated as flexible spacers to build linear polymer liquid crystal macromolecules [1–3]. Since the monodomain alignment of mesogenic groups was thermodynamically unstable, due to its spontaneous conversion into polydomain structures, researchers
were only synthesizing polydomain side-chain LCEs until the pioneering research works
of Küpfer and Finkelmann [4,5]. They introduced new two-step crosslinking conditions to
develop monodomain LCEs, where initially a weak crosslinked network was constructed;
later, this developed director orientation was replicated by the second crosslinking step via
mechanical stretching to induce monodomain [6,7]. Evidently, for LCEs due to the coupling
behavior of liquid crystalline order and the polymer backbone, external mechanical stress
can considerably influence the state of an order [8,9]. The crosslinking process in different liquid crystalline phases (nematic or isotropic phase) highly influences the oriental
distribution and results in different properties [10]. When the crosslinking was done in
the nematic phase, the state of order was fixed within the crosslinking zones, leading to
‘frozen-in’ order. This can be achieved by exposing the sample to the applied mechanical
stress perpendicular to the original direction of the monodomain [11–13]. The synthetic
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mechanical stress perpendicular to the original direction of the monodomain [11–13]. The
strategy
Küpfer andbyFinkelmann
for the
preparationfor
of monodomain
nematic
syntheticproposed
strategybyproposed
Küpfer and
Finkelmann
the preparation
of
LCEs was sketched
in Figure
1 with
chemical
structures
used.
monodomain
nematic
LCEs was
sketched
in Figure
1 with
chemical structures used.

Figure 1.
1. Schematic
Schematic illustration
illustrationof
ofsynthetic
syntheticstrategy
strategywith
withchemical
chemical
structures,
proposed
Küpfer
Finkelmann
for
Figure
structures,
proposed
by by
Küpfer
andand
Finkelmann
for the
the
synthesis
of
monodomain
nematic
liquid
crystalline
elastomers
(LCEs)
[5].
synthesis of monodomain nematic liquid crystalline elastomers (LCEs) [5].
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different
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for
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properties.
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cholesteric (or
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and
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with diversified
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and
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phases
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with diversified
crystalline
phasesphases
have been
as potentially
effective
to more
technology-reliquid crystalline
have recognized
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as potentially
effective
to more
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such
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varifocal
micro
lenses
in miniature
electronic
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applications
Some of the prominently studied polymers are outlined in Figure 2.
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2. The structure
presented in Figure 2a comprise polyimides with azobenzene chromophores in the main
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with
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The authors
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the Figure
structure
2c) and
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and Figure
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the dipole moment resulting in high affinity to the water surface [25]. The similar propersimilar
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liquid crystals,
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of polymeric
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works
on crosslinked
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shape-changing
properties
such
as bending,
which
exhibit unique
properties such
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especially
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and
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under
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Most
importantly,
the
photochemical phase transition of azobenzene chromophore (azotolane) containing
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transition
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containing
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CLCPs has a great influence on the photo-actuation (See Figure 3a–c.) [44–50]. In addition
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onfilm,
the photo-actuation
(Seecomponents
Figure 3a–c.)
[44–50].
In addition to
to azotolanehas
moieties
the CLCP
authors used other
such
as platiazotolane
moieties in the CLCP film, authors
used other
components
such as platinum(II)
num(II)
tetraphenyltetrabenzoporphyrin
(sensitizer)
and
9,10-bis(diphetetraphenyltetrabenzoporphyrin
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(annihilator) in order
to trigger
trans-cis photoisomeriza(annihilator)
order
to trigger
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photoisomerization
635-nm laser at a low
tion with 635-nm
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a low
power
density
200 mW
cm−2. The actuationwith
performance
−2 . The actuation performance was driven by low-power
power
density
of
200
mW
cm
was driven by low-power excited triplet−triplet annihilation based upconversion lumiexcited triplet−triplet annihilation based upconversion luminescence [50].
nescence [50].

Figure 2. The photomechanical
effects
caused
by trans–cis photoisomerization
some selected
Figure 2. The photomechanical
effects caused by
trans–cis
photoisomerization
in some selectedinpolymer
systemspoldeveloped
ymer systems developed by (a) Blair et al. [23], (b) Higuchi et al. [24], (c) Menzel et al. [25], and (d)
by (a) Blair et al. [23], (b) Higuchi et al. [24], (c) Menzel et al. [25], and (d) Seki et al. [26].
Seki et al. [26].
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In brief, photoisomerization is a phenomenon of structural transformation of molecules
brief, photoisomerization is a phenomenon of structural transformation of moleunderInphoto-excitation.
Photoisomerization of azobenzene molecules was demonstrated in
cules under photo-excitation. Photoisomerization of azobenzene molecules was demonFigure 2d. The trans form (up) can be converted to the cis form (down) using ultra-violet
strated in Figure 2d. The trans form (up) can be converted to the cis form (down) using
(UV) radiation of wavelength of 300–400 nm. The visible light illumination of cis azobenultra-violet (UV) radiation of wavelength of 300–400 nm. The visible light illumination of
zene at >400 nm can revert the molecule back to trans form. By applying heat to cis form,
cis azobenzene at >400 nm can revert the molecule back to trans form. By applying heat to
the molecule can also be relaxed to stable trans form. The photoisomerization process of
cis form, the molecule can also be relaxed to stable trans form. The photoisomerization
azobenzene mesogens in CLCPs can result in induced molecular reorientation, and this
process of azobenzene mesogens in CLCPs can result in induced molecular reorientation,
is the source for photo-actuation [50–54]. The chemical structures of azobenzene chroand this is the source for photo-actuation [50–54]. The chemical structures of azobenzene
mophores
(monomer
andand
crosslinker)
used
to prepare
photo-actuating
liquid-crystalline
chromophores
(monomer
crosslinker)
used
to prepare
photo-actuating
liquid-crysgels
(LCGs)
by
Ikeda
et
al.
are
shown
in
Figure
4
[51].
talline gels (LCGs) by Ikeda et al. are shown in Figure 4 [51].

Figure3.3.(a)
(a) Schematic
representing
preparation
of theofassembly
film composed
of azotolane
crosslinked
liquid
Figure
Schematicillustration
illustration
representing
preparation
the assembly
film composed
of azotolane
crosslinked
crystalline polymers (CLCP) film (b) Photographs of the as-prepared assembly film bending toward the light source along
liquid crystalline polymers (CLCP) film (b) Photographs of the as-prepared assembly film bending toward-2the light source
the alignment direction of the mesogens in response to the 635 nm laser with the power density of 200 mW cm (Thickness −2
along
thelayer
alignment
directionfilm:
of the
in response
the27
635
nm
with
the powerillustration
density ofdemonstrat200 mW cm
of each
in the assembly
15 mesogens
µm of upconverting
filmtoand
µm
of laser
CLCP)
(c) Schematic
(Thickness
of
each
layer
in
the
assembly
film:
15
µm
of
upconverting
film
and
27
µm
of
CLCP)
(c)
Schematic
illustration
ing plausible mechanism for the photoinduced deformation of the as-prepared assembly film, Adapted with permission
from [50], ACS,
2013. (d)mechanism
Trans–cis isomerization
of azobenzene
molecule. of the as-prepared assembly film, Adapted with
demonstrating
plausible
for the photoinduced
deformation
permission from [50], ACS, 2013. (d) Trans–cis isomerization of azobenzene molecule.

Yun et al. [52] studied azobenzene-doped liquid-crystal polymer (azo-LCP) prepared
Yun et al. method
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liquid-crystal polymer (azo-LCP) preby “host-guest”
of fabrication
process. 1,4-bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene
was
used
as
host
and
4-4′-bis[6-(acryoloxy)hexyloxy]-azobenpared by “host-guest” method of fabrication process. 1,4-bis-[4-(3-acryloyloxypropyloxy)
zene as guest material. The authors
azobenzene
monomers elicit the
benzoyloxy]-2-methylbenzene
wasproposed
used as that
hostthe
and
4-40 -bis[6-(acryoloxy)hexyloxy]alignment of as
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(i) photoisomerization
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(i) photoisomerization
of was
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vated
at around
365 nm. Theby
authors
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the photo-bending
and
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of azobenzene
means
of a trans-cis-trans
reorientation
(TCTR), speed
the latter
of azo-LCP
in the
TCTR case
always
faster than
that of photo-isomerization
(See Figure
was
activated
at around
365 is
nm.
The authors
evidently
confirmed that the photo-bending
5 for Sketch
and bending
snapshots
The materials
of azo-LCP can pre-(See
speed
of azo-LCP
in the TCTR
caseofisazo-LCP).
always faster
than thatmade
of photo-isomerization
cisely control
the actuation
that can
advantageously
be utilized
in photo-driven
soft
roFigure
5 for Sketch
and bending
snapshots
of azo-LCP).
The materials
made of
azo-LCP
botics.
The
contraction
of
LCP
along
the
major
alignment
direction
of
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was
fa- soft
can precisely control the actuation that can advantageously be utilized in photo-driven
vored
by
transformation
of
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to
the
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of
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Conversely,
the
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shape ofby
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favored
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phase
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phase.
This
can
be
achieved
by
visible-light
irradiation
[52].
shape of LCP is recovered when the mesogens transform from isotropic to the nematic

phase. This can be achieved by visible-light irradiation [52].
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polymer (azo-LCP)
at
445
nm
(Fast-Top)
and
365
nm
(Slow-Bottom),
respectively,
representing
trans-cis-trans
reorienta445 nm (Fast-Top) and 365 nm (Slow-Bottom), respectively, representing trans-cis-trans reorienta445
(Fast-Top)
and 365 nm (Slow-Bottom),
respectively,
representing
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opplained
[54]. The
Therecent
recentpassionate
passionategrowth
growth
soft
robotic
designs
offers
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to construct
construct simpler
simpler structures
structures using
using soft
soft polymeric
polymeric materials
materials like
like LCEs
LCEs and
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On exposure to suitable wavelength of light, azobenzene chromophores show rapid
On exposure to suitable wavelength of light, azobenzene chromophores show rapid
response behavior. Due to this characteristic feature, azobenzene derivatives are widely
response behavior. Due to this characteristic feature, azobenzene derivatives are widely
used as photosensitive materials for a broad range of technological applications. In brief,
used as photosensitive materials for a broad range of technological applications. In brief,
two benzene rings link together with azo (-N = N-) functional group to form azobenzene
two benzene rings link together with azo (-N = N-) functional group to form azobenzene
chromophore. Functionalization of benzene ring can be done to prepare a variety of azochromophore. Functionalization of benzene ring can be done to prepare a variety of
benzene derivatives by tuning electron-donating and withdrawing properties to achieve
azobenzene derivatives by tuning electron-donating and withdrawing properties to achieve
push–pull type azobenzene structures [61].
push–pull type azobenzene structures [61].
The fine-tuning of rigidity and flexibility of azobenzene molecules indorsed to unveil
The fine-tuning of rigidity and flexibility of azobenzene molecules indorsed to unveil
liquid crystalline (LC) behavior, which makes them extremely useful in designing pholiquid crystalline (LC) behavior, which makes them extremely useful in designing photoretoresponsive materials. Under photo-excitation, the two isomeric configurations of azosponsive materials. Under photo-excitation, the two isomeric configurations of azobenzene
benzene (a thermally stable trans state and a meta-stable cis form) undergo conversion
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to
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in
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transition
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the
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The differential scanning calorimetry (DSC) studies demonstrated that trans form
showed a Tg of 48.0 ◦ C and in both the heating curves (first and second), we can notice the
two-phase transitions at 94.0 and 108.0 ◦ C. However, for cis form, we can observe the Tg at
−10.0 ◦ C with broad exothermic peak at around 94.0 ◦ C. Consequently, the study revealed
that Tg of the polymer decreased with the cis content, serving as plasticizer [63].
Considerable attention has been focused on phase transition compounds especially
where solid-to-liquid phase change involved. Under the influence of light, the molecular
interaction in the solid state weakens to form a liquid state. This “photomelting” behavior
of certain materials is of special interest in the material science field for the development
of photosensitive materials. Despite diverse functional photomelting compounds are
available, fast responsive materials are having superior significance to design bio-inspired
robotic structures [64,65]. Based on photoswitchable Tg and “photomelting” behavior of
azobenzene monomer, Yue et al. studied light-induced mechanical response in CLCPs. The
photoresponsive moiety used by the authors is meta-methylazobenzene (M-azo), it was
covalently crosslinked with dodecyl glyceryl itaconate (DGI) to construct CLCP films. The
trans-to-cis photoisomerization of azo groups that CLCP network results in a photoswitchable Tg and performs reversible photomechanical motions upon exposure to UV/visible
light [47]. As shown in Figure 6, the solid M-azo compound changes to liquid state. To
trigger the transition, the solid M-azo compound was irradiated with UV light of wavelength 365 nm at an intensity of 125 mW cm−2 for just 6 s. As the Tg of the polymer is
closely associated with the mechanical properties of the polymers, the high Tg and storage
modulus (140 MPa) was obtained for DGI/M-azo films before UV treatment. The lower
Young’s modulus of 65.6 MPa was noticed in DGI/M-azo films after UV irradiation. This
is due to the creation of cis-form in polymer films, which will reduce the Tg of the polymer. This photoswitchable Tg is exceptionally to achieve conspicuous photomechanical
actuations of DGI/M-azo films under UV illumination. The authors evidently confirmed
that bending and restoration of the films to original position were successfully controlled.
This color-changing behavior of the films from orange to yellow was easily recognized
(See Figure 7, Section: Photomechanical response of the CLCP film). This photoabsorption
process is time-dependent. The irradiated light intensity plays a crucial role in deciding
the degree of change in the Tg as well as response speed. By applying different intensity of
irradiated light (3.28 to 45 mW cm−2 ), authors can control the bending speed of the film
(0.4 to 2 mm s−1 ) at ambient temperature [47].
As discoursed earlier (in Figure 1), based on the properties of siloxane CLCPs [5,66]
and acrylic CLCPs, listed (in Figure 7) azobenzene chromophore containing LC materials will be utilized to fabricate CLCP films from one-step or two-step protocols. The
fabricated CLCP films find their major application in the construction of photo-driven
micro/macroactuators. Some of the prominent azobenzene-containing liquid crystalline
(LC) materials (monomers and crosslinkers) utilized to prepare LCPs with polysiloxane
and polyacrylate backbone are shown in Figure 8.
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change in the temperature caused by the heating effect of near-infrared light was pruribbons [76,80].
dently recorded using a thermal imager (FLUKE Ti90) to examine the curling behavior of
LCE ribbons [80,76].
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In addition to LC materials, shape-memory materials (SMMs) and polymer gels plays a
significant role in designing light-driven actuators made of soft elastic materials [88]. In
order to improve the response time of gel-type actuators driven by light, Tamesue et al. [89]
and Takashima et al. [90] reported curdlan polymer gels with host–guest interactions (such
as a linear high molecular-weight β-1,3-glucan, decorated with α-cyclodextrins (α-CDs) as
hosts and a poly(acrylic acid) with azobenzene pendants as guests). The works reported
by Harada and coworkers involve the design strategy of covalently crosslinked polyacrylamides decorated with both host α-CDs and azobenzene moieties [91]. These novel
supramolecular gel materials are significant in performing reversible photo-deformation for
many successful cycles and with fast response time (<1 s) Consequently, these supramolecular gel-actuators are fascinating and systems thereof suitable for artificial robots that
can promisingly perform biomimicking sensitive gesticulations. Apart from azobenzene
chromophores, some modified cyanine dyes and coordination complexes thereof can also
have light absorption properties [92]. These dye-doped LCE systems can tune the material
properties by synergic chemical bond interaction. In the future, the LCE systems with
azobenzene monomers/crosslinkers with modified cyanine dyes and supramolecular gel
materials decorated with azobenzene pendants can exhibit pronounced light absorption
and photothermal properties, which can be useful in building soft robotic structures to
perform biomimetic movements.
4. Conclusions
In this short report, we have discussed the latest developments involving azobenzene
chromophores based LCEs. There is a consensus view emerging that these azobenzene chromophores incorporated LC elastomeric scaffolds can be distinctively utilized for potential
applications in robotic wireless actuators and sensors. Covalent linkages and alignment of
azobenzene chromophore mesogens play a pivotal role in the dynamic actuation behavior
of elastomers under the influence of light [62]. The tunable photomechanical response of
CLCP films under a precise wavelength of light can provide a promising opportunity to
develop programmable LCP actuators for robotic tactile sensations [77]. Bio-inspiration
striving exciting development of light-responsive LCPs by mimicking dynamic 3D motions existing in nature creation. It seems that certainly there are still many interesting
design approaches that are awaiting to develop azobenzene mesogens, and involving them
in various supramolecular/macromolecular assemblies, which can dynamically tune its
mechanical response triggered by broad wavelength range [93].
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