
REVIEW
www.afm-journal.de

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1802235 (1 of 23)

Carbon-Based Photothermal Actuators

Bing Han, Yong-Lai Zhang,* Qi-Dai Chen, and Hong-Bo Sun*

Actuators that can convert environmental stimuli into mechanical work are 
widely used in intelligent systems, robots, and micromechanics. To produce 
robust and sensitive actuators of different scales, efforts are devoted 
to developing effective actuating schemes and functional materials for 
actuator design. Carbon-based nanomaterials have emerged as preferred 
candidates for different actuating systems because of their low cost, ease 
of processing, mechanical strength, and excellent physical/chemical 
properties. Especially, due to their excellent photothermal activity, which 
includes both optical absorption and thermal conductivities, carbon-based 
materials have shown great potential for use in photothermal actuators. 
Herein, the recent advances in photothermal actuators based on various 
carbon allotropes, including graphite, carbon nanotubes, amorphous carbon, 
graphene and its derivatives, are reviewed. Different photothermal actuating 
schemes, including photothermal effect–induced expansion, desorption, 
phase change, surface tension gradient creation, and actuation under 
magnetic levitation, are summarized, and the light-to-heat and heat-to-
work conversion mechanisms are discussed. Carbon-based photothermal 
actuators that feature high light-to-work conversion efficiency, mechanical 
robustness, and noncontact manipulation hold great promise for future 
autonomous systems.
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microrobotics,[16,22–25] micromachines,[26–28] 
sensors,[29–31] to camouflage surfaces.[32,33] 
The design and fabrication of multifarious 
actuators have emerged as a promising 
research field. To achieve fast, sensitive, 
and large deflection actuators, considerable 
efforts have been devoted to developing 
advanced actuation strategies and various 
stimuli-responsive materials/structures.

Among the different types of actuating 
schemes, light-driven strategies that enable 
remote control of actuators are promising 
because they do not require complex cou-
pled instruments and can be freely manip-
ulated in a noncontact manner.[4,13,15,34,35] 
Moreover, light is a clean and safe energy 
source with easily switchable properties. 
Precise light manipulation can be realized 
by controlling various parameters such 
as the light intensity, wavelength, spot 
radius, exposure duration, and polariza-
tion direction. Because of these unique 
advantages, light-driven actuators have 
great potential for a wide range of applica-
tions.[12,36–38] Generally, light-driven strate-
gies can be classified into different catego-
ries according to their mechanism, such as 

optical tweezer manipulation, and photothermal and photochem-
ical actuation.[39–46] Among these light-driven strategies, photo-
thermal actuation emerges as an appealing manner since it can 
be realized through various photothermal effects (e.g., expansion 
of volume, desorption of molecules, phase change, and surface 
tension effects). Moreover, as compared with other light-driven 
actuators, photothermal actuators usually have a relatively simple 
design principle, outstanding performance, controllable recon-
figuration, and good stability. To make a robust photothermal 
actuator, appropriate photothermal materials with high light 
absorption and good thermal conductivity are required so that 
the photon energy can be effectively converted into heat energy, 
inducing the mechanical deformation.[42,47–49]

Carbon-based nanomaterials are superior candidates for 
photothermal applications. Based on the different bonding 
behaviors of carbon atoms, the carbon material family can be 
generally classified into i) graphite, carbon nanotube and gra-
phene with entire sp2 hybrid bonds, ii) amorphous carbon with 
sp2 and sp3 hybrid bonds, iii) diamond with pure sp3 hybrid 
bonds, and iv) carbon chain with sp hybrid bonds.[50–52] These 
carbon allotropes have unique merits including remarkable 
optical, thermal, and mechanical properties, which is prom-
ising for actuator design.[53,54] Most carbon materials are 
photothermally active and possess wideband optical absorp-
tion that permits absorption of light of various wavelengths, 
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1. Introduction

Inspired by natural autonomous systems that can change their 
shape and appearance under external stimuli,[1–6] artificial 
smart devices enabling the direct conversion of various envi-
ronmental stimuli (e.g., heat,[7,8] solvent,[9,10] light,[11–13] elec-
tric,[14,15] magnetism,[16,17] and moisture)[18,19] into mechanical 
work have been successfully developed for cutting-edge applica-
tions including micro-electromechanical systems (MEMS),[20,21] 
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and most have high photothermal conversion efficiencies.[55–58] 
With excellent thermal conduction characteristics, carbon 
materials can transfer the as-obtained thermal energy to the 
heat-sensitive materials, achieving effective photothermal 
actuation.[59,60] In addition, carbon materials have many advan-
tages, such as excellent physical and chemical stability, high 
mechanical strength, conductivity, as well as tunable light 
absorption properties, which allow for broad application of 
carbon-based actuators.[61]

In this review, we focus on the recent advancements in 
carbon-based photothermal actuators and highlight their 
unique advantages, good performance, and potential for future 
applications. Specific light-to-heat conversion mechanisms 
and strategies that enable photothermal actuation are dis-
cussed. The performance of various photothermal actuators 
focusing on energy conversion, response/recover time, stability, 
mechanical strength, and actuating manners has been reviewed 
in details. Figure 1 shows a summary of typical actuators con-
structed of different carbon-based materials and their possible 
light-to-work mechanisms, including photothermal expansion, 
desorption, phase change, Marangoni effect, and magnetic sus-
ceptibility change. In addition, the advantages and limitations 
of carbon-based photothermal actuators and the current chal-
lenges in this field are discussed in Section 4. The development 
of carbon-based photothermal actuators may stimulate rapid 
progress in various smart devices for cutting-edge applications.

2. Carbon-Based Materials for Photothermal 
Actuator Design

Carbon materials such as carbon nanotubes (CNTs), graphene, 
graphite, and amorphous carbon have been recognized as the 
most efficient photothermal materials.[62–64] They have been 
widely used and investigated because of their low cost and 
abundance.[50,65,66] In the development of photothermal actua-
tors, choosing appropriate photothermal materials that can 
realize efficient light-to-heat conversion is essential.[30,42,67] 
Light carries photons energy propagating along the direction 
of electromagnetic radiation. When light interacts with carbon 
materials, the photon energy can be absorbed if it is higher 
than the optical bandgap, leading to the photoexcitation of elec-
trons. The energy of the excited electrons is transferred to the 
lattice by electron–phonon coupling, which produces heat. Gen-
erally, the thermal conduction is transported through acoustic 
phonons and electrons. However, in carbon materials, phonons 
account for most of the heat conduction. Diamond, graphene, 
and CNTs possess excellent thermal conductivity because heat 
is dominated by the intrinsic properties of the perfect sp3 or 
sp2 lattice.[51,68,69] In amorphous carbon, the thermal energy is 
greatly affected by phonon scattering on boundaries or by dis-
order. Various types of carbon materials have been employed 
for actuator design because of their excellent photothermal 
properties. Carbon materials can be functionalized as a solo 
photothermal layer or used as nanofillers in hybrid mate-
rials, offering opportunities to enhance the photothermal and 
mechanical properties of various devices.[70] Figure 2 shows the 
structures of several typical carbon materials and their thermal 
properties. An overview of different carbon allotropes showing 

the physical and optical properties of commonly used carbon 
materials (including thermal conductivity, mechanical strength, 
specific surface area, and so on) is summarized in Table 1.
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2.1. Carbon Nanotubes

CNTs are considered as 1D carbon materials with cylindrical 
structures that have been widely adopted in photothermal actu-
ators because of their outstanding physical properties, such as 
good light absorption property in the visible and near-infrared 
region,[71] strong mechanical strength (1 TPa), and high 
thermal conductivity (up to 6000 W m−1 K−1).[68,72,73,184–191] The 
outstanding light absorption capability can lead to an intense 
thermal accumulation, and thus a gain of sufficient heat energy 
for the subsequent actuation. Due to the excellent photothermal 
properties, actuators using a very small amount of CNTs as a 
photothermal layer can be actuated under light irradiation.[74] 
CNTs have been widely recognized as efficient photothermal 
materials for various light-to-work conversion systems such 

as photothermal effect–induced bending, twisting, volume 
changes, and even self-pulling.[44] When CNTs are randomly 
assembled into a polymer matrix, the mechanical properties 
of the resultant composite materials such as the strength, sta-
bility, and stiffness can be significantly improved as compared 
with pure polymers.[75] Therefore, CNT-based actuators usually 
exhibit large deflection, strong robustness, and a long lifetime. 
Recently, Hu et al. designed a robust jumping robot based on 
the rolled multiwalled CNT/polymer bilayer composite actu-
ator.[76] This robot showed remarkable performance mainly due 
to the conductivity brought by the loosely CNT network, good 
optical absorption of CNT, well CNT–polymer interfacial con-
tact, and the distinct expansion degrees between the two layers.

Generally, CNTs are classified into two main categories: 
single-walled carbon nanotubes (SWCNTs) with a one-atom 
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Figure 1. General concept of carbon-based photothermal actuators. For photothermal expansion image: reproduced with permission.[123]  Copyright 2017, 
WILEY-VCH; For photothermal desorption: reproduced with permission.[102]  Copyright 2015, American Association for the Advancement of Science; For 
photothermal Marangoni effect: reproduced with permission.[117] Copyright 2015, Nature Publishing Group; For photothermal magnetic susceptibility 
change image: reproduced with permission.[175] Copyright 2012, American Chemical Society; For soluble-insoluble transition: reproduced with permis-
sion.[100] Copyright 2013, American Chemical Society; For shape memory effect: reproduced with permission.[91] Copyright 2014, Springer International 
Publishing AG; For nematic-isotropic transition: reproduced with permission.[166] Copyright 2016, American Chemical Society; For insulator-metal transi-
tion: reproduced with permission.[171] Copyright 2017, American Association for the Advancement of Science; For image of sunflower: reproduced with 
permission.[148] Copyright 2017, WILEY-VCH; For micro gear: reproduced with permission.[173] Copyright 2017, WILEY-VCH; For origami assembly of a car: 
reproduced with permission.[123] Copyright 2017, WILEY-VCH; For graphene fiber motor: reproduced with permission.[128] Copyright 2015, WILEY-VCH; For 
biomimetic flower: reproduced with permission.[110] Copyright 2016, WILEY-VCH; For rotary motion of PG disk: reproduced with permission.[175] Copyright 
2012, American Chemical Society; For SEM image of SWCNT membrane: reproduced with permission.[181] Copyright 2015, American Chemical Society; 
For cubic frame: reproduced with permission.[148] Copyright 2017, WILEY-VCH; For SEM image of RGO-CNT membrane: reproduced with permission.[122] 
Copyright 2015, WILEY-VCH; For tubular CNT/polymer bilayer: reproduced with permission.[76] Copyright 2017, WILEY-VCH.
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thickness and multiwalled carbon nanotubes (MWCNTs), which 
are formed by a number of concentric SWCNTs. SWCNTs can 
also be classified into different types because the honeycomb 

structure of graphitic sheets can roll in dif-
ferent manners such as the zigzag, arm-
chair, and chiral forms. The rolling up direc-
tion can be described in terms of a vector  
C = na1 + ma2, where a1 and a2 are the unit 
vectors, and n and m are indices. The prop-
erties of SWCNTs vary significantly with dif-
ferent (n, m) values. Consequently, SWCNTs 
that feature specific chirality may demon-
strate wavelength-selective properties,[77] 
whereas MWCNTs usually possess broad-
band adsorption due to the wide distribu-
tion of various chiralities. Recent advances 
in chirality purification of CNTs enable use 
of enriched single-chirality SWCNTs with 
strong and narrow optical absorptions, which 
may offer opportunities to design photo-
thermal actuators with desirable wavelength-
selective properties. Taking advantage of 
the intriguing photothermal properties of 
SWCNTs, Javey and co-workers presented  
a photoactuator device based on SWCNT/
polymer bilayers using simple vacuum filtra-
tion.[77] In their work, three types of SWCNTs 
were employed to tune the light absorption 
properties: i) high-pressure carbon monoxide 
disproportionation (HiPCO) SWCNTs (a mix-
ture of different n, m); ii) metallic nanotubes 
with a single absorption peak at ≈700 nm 
(|m − n| = 3k, where k is an integer); and iii) 
single-chirality nanotubes with characteristic 
absorption peaks at ≈560 and 970 nm (n = 6, 
m = 5). The type-dependent SWCNTs served 
as excellent light absorbers and wavelength-
sensitive mediums (Figure 3a–c). This spe-
cial optical property allowed for actuators 
with monochromatic light-driven features.

CNTs that possess ultralarge length to 
diameter ratio have shown excellent mechan-
ical flexibility along their axis.[78] There-

fore, the orientation of CNTs can greatly influence the den-
sity, mechanical strength, and deformation manner of actua-
tors with CNTs embedded, which has a significant impact on 
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Table 1. Typical carbon allotropes and their physical/optical properties.

Material Absorption characteristics Thermal conductivity [W m−1 K−1] Mechanical strength [TPa] Specific surface area [m2 g−1] Ref.

Carbon nanotube – 1000–6000 0.063 50–1315 [184–187]

SWCNT Chirality related Up to 6000 1 435 [95,181,188]

MWCNT – 2000–3000 0.2–4 25–260 [44,95,185,189]

ANT Blackest material (≈99.9%) 99.5 0.016 500 [184,190,191]

Graphene Monolayer graphene absorb 

white light of ≈2.3%

Up to 6000 1 2630 [95,105,119,192,193]

GO – 1 0.032 705 [95,131,192,194]

RGO – 400–1800 0.042 466–1520 [195–199]

Graphite – 3000 0.13 0.8–50 [185,200,201]

Carbon black – 0.01 – 100 [51,202]

Figure 2. Lattice structure of typical carbon materials and their thermal properties. 
a) Structures of graphene, graphite, CNT, diamond, amorphous carbon, and GO. Structure of  
GO: Reproduced with permission.[53] Copyright 2010, American Chemical Society. Structure of 
amorphous carbon: Reproduced with permission.[115] Copyright 1993, the American Physical 
Society. b) Thermal conductivities of different carbon materials, varying over five orders of 
magnitude. Reproduced with permission.[51] Copyright 2011, Springer Nature.
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modulating photothermal actuation. Traditional actuators con-
structed of randomly distributed CNTs often perform unpre-
dictable bending. To address this issue, Peng and co-workers 
proposed a strategy that enables controllable deformations by 
embedding aligned carbon nanotubes (ACNTs) in photothermal 
actuators.[79] The ACNTs are assembled by van der Waals forces 
and the resulting ACNT/paraffin wax and polyimide bilayer 
actuators retained the excellent properties of individual nano-
tubes.[80] The bilayer strips with transverse and longitudinal 
arrangement of CNTs exhibited distinct types of actuation 
(Figure 3d). By manipulating the CNT alignment direction, sev-
eral types of light-to-work actuations, including phototropic and 
apheliotropic bending and even helical twisting, have been real-
ized. Upon irradiation, a transversely aligned strip exhibited a 
rapid bending performance toward the polyimide side whereas 
a longitudinally aligned strip bent toward the ACNT/paraffin 
wax side. This unusual phenomenon was because of the ani-
sotropic properties of ACNTs (the longitudinal modulus is high 
whereas the transverse modulus is low), which caused a geo-
metric constraint on the expansion of the paraffin wax. Thus, 
the paraffin wax tended to expand perpendicularly to the ori-
entation of the ACNTs. Actuations with right-handed and left-
handed helical deformation were realized through adjusting the 
angle between the longitudinal axis of the strip and the orienta-
tion of CNT alignment. Thus, the actuator performance could 
be controlled by programming the nanoscale structures.[81]

To obtain better light harvesting capability, vertically aligned 
carbon nanotubes (VACNTs) that are reported to be the blackest 
material, with greater than 98% absorbance in a wide spectral 
range (from 200 nm to 200 µm), appear to be a good choice 
for producing photothermal actuators with high energy conver-

sion efficiency. VACNTs are carbon nanotubes oriented along 
their longitudinal axes normal to a substrate surface with a very 
high surface roughness (Figure 3e).[82,83] The incident light can 
be trapped in the CNT forests due to the extremely low index 
of refraction, multiple reflections, and the nanoscale surface 
roughness. Using VACNTs as an outstanding photothermal 
layer, direct light-to-work conversion has been achieved based 
on the Marangoni effect (see Section 3.4).[84]

As nanoscale energy sources, CNTs can absorb light in a 
wide spectral range and effectively convert it into heat, revealing 
great potential for developing photothermal actuators.[85] CNTs 
also feature good mechanical strength, stability, and conduc-
tivity. These unique advantages make CNTs preferred pho-
tothermal materials for actuator design. However, the use of 
CNTs in actuators also suffers from several problems including 
chirality purification of CNTs, substrate transferring of CNTs 
arrays, and the integration of CNTs with actuator devices. With 
the progress of techniques for CNT preparation and processing, 
CNTs play an important role in various photothermal devices.

2.2. Graphene and Its Derivatives

As a new member of the carbon material family, graphene, a 
one-atom-thick 2D material with entire sp2 hybrid bonds, has 
emerged as a potential reagent in material science.[61,86–88] 
Because graphene has many exceptional physical properties, it 
has attracted considerable interests in various scientific fields 
including photothermal actuators.[89–92] Notably, graphene has 
several advantages for photothermal actuator design, including 
i) high light absorption ability,[57,93] ii) excellent mechanical 
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Figure 3. Illustration of a CNT-based actuator with unique properties. a) Optical absorption spectra for three types of nanotubes, HiPCO, metallic, 
and (6, 5)-enriched CNTs. b) Optical image of three CNT solutions and their corresponding actuator films. c) Wavelength-sensitive response.  
a–c) Reproduced with permission.[77] Copyright 2014, Springer Nature. d) Schematic illustration of the different bending directions of actuators 
assembled with various nanotube arrangements. Reproduced with permission.[79] Copyright 2016, American Chemical Society. e) Scanning electron 
microscopic (SEM) image of a VACNTs sample. Reproduced with permission.[82] Copyright 2008, American Chemical Society.
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strength,[54,94] iii) high thermal conduc-
tivity,[95,192–199] iv) distinctively negative coef-
ficient of thermal expansion (CTE), and  
v) ultralight weight. Because of the high pho-
tothermal conversion efficiency, graphene 
holds great promise in high-efficiency light 
energy utilization, photothermal therapy, 
and photothermal devices.[96] To develop 
photothermal actuators, graphene that func-
tionalizes as a photothermal layer is usually 
combined with other functional materials 
such as hydrogels, liquid crystals elasto-
mers (LCEs), and shape memory polymers 
(SMPs) to form an asymmetric bilayer 
structure.[6,97,98] Jiang et al. fabricated a soft 
rapid-response actuator with by combining 
a composite layer of polydimethylsiloxane 
(PDMS) and graphene nanoplates (GNPs, 
5 wt%) with a pristine PDMS layer.[99,205] The 
bilayer strip (7 mm × 1 mm) can be deflected 
≈1500 µm within 3.4 s under NIR irradia-
tion. Owing to the photothermal effect of 
graphene, a temperature increment of 60 °C 
at the PDMS/GNP layer was observed within 
5 s. Under light irradiation, the phonons 
within graphene layer vibrate and interact 
with each other dramatically, exhibiting the 
accumulation of heat energy in a few sec-
onds. Based on this light-to-heat conver-
sion scheme, light-driven hydrogel-,[6,100,101]  
paper-,[15,90,102] and fiber-like[103] graphene 
actuators have been developed.

In other carbon-based photothermal actua-
tors, carbon materials are added to achieve 
fast light-to-heat conversion and high mechanical strength; 
however, transparency is sacrificed for high performance. Trans-
parent actuators have been realized when a thin layer of gra-
phene is used as a photothermal layer because of the ultrathin 
characteristics of graphene. As reported by Xu et al.,[104] a trans-
parent and ultrathin photothermal actuator based on monolayer 
graphene, polydopamine, and poly(N-isopropylacrylamide) 
(PNIPAAm) was successfully developed (Figure 4a). Although 
the functionalized graphene layer is only 5–10 nm thick, the 
self-folding actuators exhibit very good mechanical stiffness. 
Using a bilayer of large-area graphene and chitosan, Xie et al. 
fabricated an actuator that features visible-light transparency 
using monolayer graphene as functional material, allowing 
for the development of transparent humanoid robots and 
machines.[87] However, in the case of photothermal actuation, 
the monolayer graphene may suffer from low photothermal 
conversion rate since transparent graphene monolayer has 
much lower light absorption of white light (≈2.3%) than those 
of bulk carbon materials.[105] Nevertheless, the actuators based 
on monolayer graphene have realized rapid and large deforma-
tion, showing good mechanical robustness.

However, the use of pristine graphene is not easy. Problems 
in preparation of single-layer graphene and the dispersion of 
graphene sheets in solution for tractable processing usually 
restrict their application. Graphene is a hydrophobic mate-

rial and is not soluble in most solvents.[86] When graphene is 
mixed with polymer materials, precipitation often occurs. For 
actuators based on graphene composite materials, homoge-
neous dispersion of graphene in the polymer matrix is critical 
to achieve high performance. Chemical functionalization is a 
feasible and effective method of improving the dispersion of 
graphene in organic solvents. However, the damage to the sp2 
network must be considered because the defects severely affect 
the mechanical, thermal, and optical properties. A modified sul-
fonated graphene was reported to demonstrate good solubility 
in common organic solvents without destroying their integ-
rity of graphitic network. Liang et al. incorporated sulfonated 
graphene into thermoplastic polyurethane (TPU) material and 
fabricated a remarkable light-triggered actuator with dramati-
cally enhanced mechanical properties.[106] Isocyanate-treated 
graphene also exhibits good dispersion in the polymer matrix 
but it often results in a damaged sp2 network. The isocyanated 
graphene exhibits a poor response upon light irradiation.

Graphene oxide (GO) prepared by chemical oxidization of 
graphite and exfoliation in water reveals great potential for prac-
tical usage because it allows for mass production. Generally, 
GO can be considered oxygen group-functionalized graphene 
sheets. The presence of hydrophilic oxygen groups endows GO 
with good water dispersibility and makes GO different from 
graphene. To remove the oxygen groups and partially recover 
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Figure 4. Graphene-related materials for actuator design. a) Optical microscope image of 
an ultrathin graphene actuator. Reproduced with permission.[104] Copyright 2017, American 
Association for the Advancement of Science. b) Photograph of an RGO film and its contact angle 
measurement. c) Photograph of a GO film and its contact angle measurement. Reproduced 
with permission.[182] Copyright 2015, Springer Nature. d) The relationship between the contact 
angle and the RGO film with different reduction times. Reproduced with permission.[18] 
Copyright 2015, Wiley-VCH.
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the properties, reduction treatments such as thermal, chemical, 
and photoreduction are generally necessary.[107] Making full use 
of the solution-processing capability of GO, reduced GO (RGO) 
sheets have been widely used as doping agents to develop 
photo thermal composites. The RGO-based photothermal actu-
ators possess mechanical strength and optical and thermal 
properties comparable to those made with pristine graphene 
material.[108] Selective removal of the oxygen-containing group 
on GO enables precise control over the interaction between 
the water molecules and GO sheets, allowing for feasible 
moisture actuation.[103,109] Because of the removal of hydro-
philic oxygen groups, the RGO surface becomes hydrophobic 
(Figure 4b,c).[182]  The surface wettability of an RGO film can be 
modulated by controlling the reduction degree (Figure 4d).[18] 
In a GO film, water molecules can easily be adsorbed, which 
induces swelling of the GO layer, whereas the swelling effect 
is not obvious in the RGO film. Therefore, the combination 
of GO and RGO forms moisture-responsive bilayer actuators. 
Because RGO is photothermally active and the absorption of 
water shows a strong temperature dependence, these moisture-
responsive actuators can also be manipulated in a photothermal 
manner. This mechanism is introduced in detail in the photo-
thermal desorption section.

2.3. Other Carbon-Based Materials

In addition to CNTs and graphene, other carbon materials, such 
as graphite and carbon black, have been used in photothermal 
actuators due to their excellent stability, low cost, easy acces-
sibility, and ease of processing. Graphite is an opaque, black, 
thermodynamically stable carbon material.[200,201]  Because the 
in-plane carbon atoms are covalently bonded in a honeycomb 
lattice with three bonding sites satisfied, the fourth delocal-
ized electrons are free to move throughout the plane within 
the graphite layers. Another unique feature of graphite is the 
weak van der Waal bonds formed between layers. The thermal 
property of graphite is anisotropic; phonons propagate quickly 
along the bonding planes whereas their travel from layer to 
layer is impeded. The weak interaction between layers ena-
bles the graphite material to be easily slid or separated, and 
graphite is soft enough to draw a streak on paper. Weng et al. 
presented a simple pencil-on-paper actuator that could be 
used in various conditions.[110] The pencil and paper are both 
common materials that are low cost and easy to obtain. In their 
work, common pencils (10 B) were used to deposit graphite by 
drawing 1000 times onto a piece of paper. The colorful pencils 
can make multicolor actuators (Figure 5a). Graphite strongly 
absorbs light over a broad range extending from the UV to 
NIR wavelengths. Upon light irradiation, the actuator exhibited 
ultralarge actuation (curvature: 2.6 cm−1). Applying this pencil-
on-paper structure, a colorful biomimetic flower (Figure 5b) 
and smart curtain were made with obvious bending perfor-
mance. However, graphite is not often used in a pure form 
as a standalone structural material because of its shear plane 
and brittle mechanical properties. When covalent bonds occur 
between the graphite layers, replacing the weak intermolecular 
forces, graphite becomes pyrolytic graphite (PG).[111] The PG 
possesses a much higher thermal conductivity than graphite. 

Moreover, PG can float above a strong magnetic field, forming 
the rarely seen phenomenon: maglev (magnetic levitation) 
(Figure 5c).[112,113,183] PG is the greatest diamagnetic material 
at room temperature (χ = −4.5 × 10−4).[112] Photothermal actua-
tors that make use of the maglev characteristic are introduced 
in Section 3.5.

Adv. Funct. Mater. 2018, 28, 1802235

Figure 5. Illustration of graphite used for actuator design. a) Photograph 
of colorful flower petals made by colored pencils. b) Photograph of an 
assembled colorful flower actuator. The inset is a picture captured during 
folding actuation. Reproduced with permission.[110] Copyright 2016, 
Wiley-VCH. c) Picture of the PG levitated above the magnet array. 
Reproduced with permission.[183] Copyright 2017, Elsevier.
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Amorphous carbon is a type of carbon that does not have 
any crystalline structure and contains a random distribution of 
sp2, sp3, and dangling bonds, so it is considered a completely 
isotropic material.[114,115] Unlike anisotropic carbon materials 
such as CNTs, graphene, or graphite, the thermal conduc-
tivity of amorphous carbon in all directions is approximately 
the same.[202] The addition of amorphous carbon into other 
materials endows the material with a uniform photothermal 
conversion efficiency (92 ± 3%) and improved light absorption 
properties. Maggi et al. deposited amorphous carbon film onto 
SU-8 by sputter deposition to produce a carbon-coated micro-
gear actuator.[116,117] The microgears rotated at different speeds 
under the same light illumination power as a function of the 
different carbon thicknesses. This phenomenon was attributed 
to the different photothermal conversion coefficients of the 
amorphous carbon coatings.

3. Photothermal Schemes for Light-to-Work 
Conversion

The actuation process generally depends on the energy density, 
actuator dimension, and energy conversion efficiency. In addi-
tion to active photothermal materials that can convert photon 
energy to heat effectively, strategies that enable subsequent 
heat-to-work conversion are of critical importance in developing 
photothermal actuators. Photothermal schemes for light-to-
work conversion determine the energy conversion efficiency 
and influence the performance of the resultant actuators. 
Various photothermal schemes such as photothermal-induced 
expansion/contraction, photothermal phase change, Marangoni 
effect, and magnetic levitation have been developed for effective 
actuation. Based on these light-to-work conversion schemes, 
advanced carbon materials with excellent photothermal con-
version efficiency have been coupled with other functional 
materials to form sophisticated carbon-based photothermal 
actuators. Photothermal energy conversion mechanisms and 
relative photothermal actuators are summarized in this section.

3.1. Photothermal Expansion

Thermal expansion is a common phenomenon in which mate-
rials change their shape and volume when the surrounding 
temperature increases because of the increase of the molecular 
kinetic energy. The CTE, an intrinsic property of materials, 
has been used to quantify the degree of thermal expansion. 
The CTEs of typical materials that have been applied to photo-
thermal expansion actuators are listed in Table 2. Notably, CNTs 
and graphene materials have relatively small or even negative 
CTEs[118,119]; thus, they may contract with increases in tem-
perature. When materials with large CTEs are combined with 
photothermal carbon materials that possess small or negative  
CTEs, the photothermal expansion effect can be utilized for actuator  
design.[203,204] A solo material always exhibits isotropic variation 
in volume upon temperature change. However, in an asym-
metric materials system, photothermal effect–induced tempera-
ture change forces a mismatch at the bimaterial interface due 
to the distinct volume change, leading to predictable deforma-

tion. To design an actuator, it is essential to form inhomoge-
neous structures by introducing an anisotropic composition, 
material property gradient,[120] or structure gradient.[6] A 
metallic actuator constructed of asymmetric bilayer was pre-
pared by Meng et al.[121] The slightly acidified GO gel was cast 
on a copper foil and a redox reaction occurred at the interface of 
GO and Cu, resulting in the formation of a Cu2O–RGO bilayer 
structure. The resultant actuator exhibited a rapid response 
(≈2 s) and large deflection curvature (2.4 cm−1) upon light irra-
diation (Figure 6a). This bilayer structure also proves to be sus-
tainable after 50 000 operation cycles.

Compared to inorganic materials, polymers possess much 
higher CTEs and can expand more obviously upon heating 
to the same temperature. Hence, the carbon/polymer bilayer 
systems have become more popular for photothermal actua-
tors.[77,122] The embedded carbon materials can serve as an 
efficient light-harvesting and heat-conduction layer, converting 
photon energy into heat and increasing the local temperature. 
Because the carbon and polymer materials possess distinct 
CTEs, asymmetric expansion can lead to an intense mis-
match at the material interface, which rolls up the actuators. 
To amplify the bending degree and promote the mechanical 
strength, Tang et al. incorporated thermally expanding micro-
spheres (TEMs) with RGO to construct an RGO–TEM–PDMS/
PDMS bilayer actuator.[123] Upon exposure to infrared light, the 
RGO composite layer absorbed the light and generated heat, 
inducing an obvious temperature rise. The TEMs with large 
volume expansion (≈4000%) expand as a function of the tem-
perature increase.[124] The two layers sustain great shear stresses 
because of the different expansion degree and bent toward the 
PDMS layer (Figure 6b). The incorporation of RGO and TEMs 
in the PDMS forms an outstanding candidate for light-driven 
actuators. In this work, the RGO functionalized as energy 
transfer units and TEMs functioned as excellent mechanical 
deformation units. Research showed that the Young’s modulus 
of RGO–TEM–PDMS films was increased by 470% from 1.82 to 
8.61 MPa after expansion. Therefore, this actuation procedure 
was irreversible, causing permanent deformation with no need 
for continuous energy supply. This proposed bilayer struc-
tures were used as active hinges for constructing various 3D 
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Table 2. CTEs of typical materials for preparing carbon-based actuators.

Material CTE [ppm K−1] Ref.

SWCNT −1.5 [119,203]

SWCNT (diameter 0.7–1.4 nm) 3–4 [77,170,204]

Graphene −8.0 ± 0.7 [118]

GO 0.85 [131]

RGO–TEM–PDMS 2000 [123]

PVDF 127 [203]

BOPP 37 [110,131]

Cu 16.9 [121]

Cu2O 5.2 [121]

PC 65–79 [77,204]

PDMS 300 [76]

Paper 10 [110]
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structures (Figure 6c). The bending angle and direction of the 
hinge can be controlled by tuning the size of the active hinge. 
Photothermal effects induced expansion and contraction is a 
common phenomenon that can be observed from a wide range 
of materials. Thus, the design principle for this kind of actuator 
is suitable for various carbon embedded bilayer materials.

3.2. Photothermal Desorption

In addition to thermal expansion, reversible adsorption and 
desorption of guest molecules can also cause the volume 
change of materials,[125–128] which provides another opportunity 
for designing actuators. For example, materials with abundant 
hydrophilic groups can adsorb water molecules significantly 
when exposed to moisture, resulting in a distinct increase in 
volume. Because the temperature increase can cause rapid 
desorption of the adsorbed water molecules, the volume of the 
hydrophilic layer usually shows a strong dependence on temper-
ature. According to this basic principle, photothermal actuators 
have been developed by combining hydrophilic water-adsorption 
materials with photothermal active carbon materials. Sun and 
co-workers successfully converted the humidity-responsive 
actuators into NIR light–driven actuators.[129] The actuator 
was constructed using a hydrophilic polydopamine (PDA)-
modified RGO and Norland Optical Adhesive (NOA)-63 bilayer 
structure. The intrinsic NIR absorbance of RGO sheets can be 

converted into NIR light into thermal energy to induce the des-
orption of water molecules in the PDA–RGO layer. Notably, the 
PDA–RGO layer showed a severe expansion/contraction after 
water adsorption/desorption, where the NOA-63 remained 
unchanged all the time. Light irradiation can promote water 
desorption in the PDA–RGO layer leading to fast bending per-
formance. As compared with humidity actuation that response 
to adsorption/desorption of water molecules, NIR light actua-
tion can accelerate the desorption rate and thus achieve much 
shorter response time.

By taking advantage of the water adsorption properties of 
PDA and GO,[130] Mu et al. demonstrated an actuator based on 
PDA–GO and RGO bilayer paper. Using programmed patterns, 
the actuator can perform more sophisticated motions.[102] In 
this work, much faster response was achieved because the pres-
ence of GO can promote the adsorption and desorption pro-
cesses because of its strong interaction with water molecules 
and photothermal effects, respectively. As the temperature was 
increased, PDA–GO layer contracted as a result of desorping 
water and the hydrophobic RGO was inert to humidity and 
remained unchanged in volume (Figure 7a). Due to the excel-
lent photothermal effect of RGO and GO and their high flex-
ibility, the actuator was sensitive to light irradiation (a strip 
with size of 10 mm × 8 mm bent 60° within 2 s). A smart self-
folding box was demonstrated. The water adsorption–induced 
volume swelling in the GO layer has been attributed to the 
interlayer spacing change, as confirmed by X-ray diffraction 
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Figure 6. Typical actuators based on photothermal expansion. a) Photographs and illustration of the actuation performed by a Cu2O–RGO/Cu bilayer. 
Reproduced with permission.[121] Copyright 2017, the Royal Society of Chemistry. b) SEM images and schematic illustration of an RGO–TEM–PDMS 
actuator upon light irradiation. c) Demonstration of light-triggered sophisticated 3D geometries assisted by RGO–TEM–PDMS actuators. Reproduced 
with permission.[123] Copyright 2017, Wiley-VCH.
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patterns (Figure 7b).[131,132] To increase the deformation degree 
of the actuators, efforts have been devoted to the increment of 
the water absorption capability of the hydrophilic materials, 
such as GO, by introducing more hydrophilic groups or gener-
ating higher specific surface area.[133] In these researches, GO 
was used as a bifunctional material as it is hydrophilic and pho-
tothermally active, revealing great potential for developing 
photothermal actuators. Notably, GO may suffer from serious 
problems for practical usage. GO is not stable at high tempera-
ture or under light irradiation. The thermal or optical reduction 
of GO may induce the removal of the hydrophilic oxygen groups 
and alter the water adsorption capability, making the resultant 
actuator unstable for long-term usage. Nevertheless, actuation 
based on photothermal desorption appears to be superior to 
chemical actuation because it does not need frequent alteration 
of external chemical environment and can achieve rapid defor-
mation in a noncontact manner.[103]

3.3. Photothermal Phase Change

Generally, materials have specific properties under a certain 
condition. With the variation of environmental conditions such 
as temperature and pressure, some physical properties may 
change discontinuously, abruptly or significantly, which leads 
to natural transitions such as the liquid–solid transition, glass 
transition, and coil–globule transition. These interesting phase-
change processes can store and release large amounts of energy 
that can be utilized for actuating devices.

3.3.1. Hydrophilicity–Hydrophobicity Transition

The phase transition of polymer chains between hydrophi-
licity and hydrophobicity (phase transform from miscible sol-
vent behavior to a poor solvent behavior state) can be used for 
photothermal actuation. Typically, at lower temperature, the 
water molecules reorient around the polymer to decrease the 

entropy, resulting in water adsorption and dissolution in water. 
At higher temperature, the negative entropy predominates 
the solution system, leading to a phase separation of polymer 
and water. Such a thermal effect–induced phase transition can 
cause significant volume change, making photothermal actua-
tion feasible. However, this type of actuator must be used in a 
liquid environment.

PNIPAAm is an extensively studied material with a revers-
ible hydrophilicity–hydrophobicity transition property at its 
lower critical solution temperature (LCST, ≈32 °C).[134,135] Upon 
heating above the LCST, PNIPAAm transform from a swollen 
state to a shrunken state (Figure 8a), with a volume variation 
of ≈90%.[181] Because of the low thermal conductivity of poly-
mers, macroscopic photothermal actuators based on PNIPAAm 
usually exhibit an insensitive response, which limits their 
applications. To overcome this problem, the PNIPAAm has 
been doped with carbon materials, which promotes the light-
to-heat conversion and heat conduction significantly.[136,137] 
Javey et al. fabricated photothermal actuators by combining 
PNIPAAm and SWCNTs to improve the response time up to 
5 times faster than those without SWCNTs (Figure 8b).[137] The 
ultrafast NIR response was enabled by the synergistic effect of 
good thermal conductivity and water transportation through 
the nanotube channels within the gel matrix. The addition of 
SWCNTs does not significantly affect the LCST of composite 
materials (Figure 8c). In addition to SWCNTs, GO and RGO 
have been incorporated with PNIPAAm in photothermal actua-
tors, which demonstrated improved performance.[138–140,206] In 
novel research, Gu et al. combined RGO–PNIPAAm fiber with 
struc tural color patterns to endow the device with light-con-
trolled reversible bending behavior and tunable color indication 
(Figure 8d).[141] The width, spacing, and color can be precisely 
tailored by adjusting the structural color parameters.[142] When 
NIR light was irradiated from one side of the fiber, the expul-
sion of water molecules on the phototropic side and the shady 
side underwent different shrinkage extents. The shrinkage 
drove the two neighboring pores of the striped nanostructures 
closer, resulting in a blueshift of the structural colors. This 
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Figure 7. Photothermal desorption strategy for actuator design. a) Schematic illustration of the GO–PDA/RGO bilayer structure and photothermal 
desorption mechanism. Reproduced with permission.[102] Copyright 2015, American Association for the Advancement of Science. b) Relationship 
between the interlayer spacing of graphene and the relative humidity (black line). The moisture content varies as a function of RH. Reproduced with 
permission.[132] Copyright 2017, Springer Nature.
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phenomenon can be used as an NIR-light-triggered dynamic 
barcode labels for anti-counterfeiting of various products. 
Chen et al. integrated GO–PNIPAAm composite materials with 
perylene bisimide functionalized hyperbranched polyethylen-
imine, which has a pH-responsive property. The 3D flower-like 
actuator could “bloom” when the temperature was increased 
and the fluorescence intensity was tuned by switching the pH 
(Figure 8e). These multifunctional actuators are expected to 
have great potential in neo-concept smart materials.

Because PNIPAAm has a fixed LSCT, the hydrophilic to 
hydrophobic transition is usually confined to a specific temper-
ature range. To broaden the applicable conditions of this type of 
actuator, elastin-like polypeptides (ELPs) with a repeated mono-
meric unit (val-pro-gly-X-gly)n and tunable LSCT have been 
employed for actuators. Because the transition temperature 
greatly depends on the structural information of the potentially 
charged “X” residue, ELPs are employed with a programmed 
transition temperature. ELPs exhibit excellent biocompatibility 
and can undergo elastic deformations with little loss of energy. 
Lee and co-workers created ELP–RGO composite actuators 
showing reversible aggregation and dispersion upon irradia-
tion with an NIR laser at the LCST.[100] This demonstrated suc-
cessful coupling of the photothermal response of RGO and the 

hydrophilic to hydrophobic transition feature of ELPs and intro-
duced anisotropic porosity to the structure so that the porous 
region could absorb more than four times more water than the 
nonporous region and showed more quick diffusion. The actu-
ator bent toward the porous surface, regardless of which side 
of the material the light was irradiated on. Because the RGO 
nanosheets were homodispersed into the anisotropically porous 
ELP hydrogel, these photothermal actuators showed rapid, 
reversible, and tunable bending motions at certain positions.

3.3.2. Shape Memory Effect

SMPs that possess shape memory properties have been widely 
used in actuators.[5,207–209] Generally, SMP-based actuators can 
be manipulated into a temporary 3D shape, which can return 
to its permanent shape upon exposure to an external stimulus, 
such as heat,[143] light,[130,144,145] electricity, or solvent.[146] The 
controllable shape-changing capability can be attributed to 
the molecular network that contains more than two separate 
phases at the solid state. SMPs are fabricated at a higher pro-
cessing temperature (T > Tp), which is responsible for creating 
the physical crosslinks for the permanent shape. The temporary 
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Figure 8. Illustration of photothermal effect–induced hydrophilicity–hydrophobicity transition. a) UV–vis absorption properties of PNIPAAm-based 
solution changes with the temperature variation. The insets are photographs of the solution at temperatures below and above LCST. Reproduced 
with permission.[181] Copyright 2015, American Chemical Society. b) Relationship between the response time and SWCNT concentration of SWCNT–
PNIPAAm actuators. c) LCST measurement of actuators with different SWCNT concentrations. Reproduced with permission.[137] Copyright 2011, 
American Chemical Society. d) Schematic of PNIPAAm–RGO fibers with inverse opal nanostructures, forming structural color stripes. Reproduced 
with permission.[141] Copyright 2017, Wiley-VCH. e) Demonstration of a flower-like GO–PNIPAAm actuator and the fluorescent color display under pH 
change. Reproduced with permission.[138] Copyright 2017, Wiley-VCH.



www.afm-journal.dewww.advancedsciencenews.com

1802235 (12 of 23) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

shape is programmed at a temperature higher than the transi-
tion temperature (Tp > T > Ttran) and preserved, becoming rigid 
after cooling (T < Ttran) under constant stress (Figure 9a). Any 
deformation programmed using an external force can be fixed 
at temperatures less than Ttran.[147] When the temperature is 
increased above Ttran again, the SMPs convert from the rigid 
state to a soft and pliant state, resulting in shape recovery to the 
permanent state. SMPs are preferred because of their superior 
mechanical properties such as low cost, light weight, ease of 
processing, and potential biocompatibility.

SMPs also suffer from serious problems that restrict their 
applications in actuating devices. Because polymers usually 
have poor thermal conductivity, the transition procedures of 
SMPs are very slow. To address this issue, carbon-based nano-
materials have been successfully added as filler materials to 
improve the response time of SMPs actuators. The addition of 
carbon endows the actuators with a light-actuating capability.[97] 
Chen et al. fabricated a light-driven polyurethane (PU) SMP 
actuators by 3D printing using a fused deposition modeling 
printing method, which avoids structural transitions during 
the photopolymerization printing process.[148] The introduction 
of CB increased the photothermal conversion efficiency but 
decreased the Ttran of the composite materials. Compared with 
traditional SMPs with planar or tubular structures, 3D printing 
technology provides an opportunity to fabricate sophisticated 
3D shapes at the macrolevel. A cubic frame was demonstrated, 

which was predeformed in the squashed temporary state. 
Upon 160 s of sunlight irradiation, the frame recovered to its 
permanent state (cubic frame). A more complicated shape 
memory sunflower was also fabricated (Figure 9b), in which the 
petals were printed using PU–CB composite materials. Regard-
less of the shape the petals of the flower were preset into at 
temperatures greater than Ttran, it returned to its original state 
upon light illumination (87 mW cm−2).

In SMP-based photothermal actuators, light irradiation pro-
vides an opportunity for SMPs to release the mechanical energy 
stored in the temporary state rather than direct transduction of 
optical energy to mechanical work. SMPs usually have a high 
capacity for elastic deformation (more than 800%) and con-
siderable output power. When two or more types of materials 
with varied Ttran are integrated, SMPs enable more complicated 
performance. Research results indicate that light-triggered 
actuation has great potential to increase the number of tem-
porary shapes of SMP-based actuators. Yu et al. utilized three 
types of SMP segments (solo epoxy, the p-aminodiphenylimide 
(p-Ap)/epoxy, and MWCNT/epoxy composite materials) to 
realize a multishape memory effect (mSME) upon irradiation 
of different wavelengths of light (Figure 9c).[149] The temporary 
shape was formed at an elevated temperature (75 °C), and it 
maintained this shape until cooling to the room temperature. 
A photothermal induced shape memory effect (SME) was cre-
ated by exposing the samples to UV (λ1 = 365 nm) and NIR 
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Figure 9. Schematic and typical examples of SMP actuators. a) Conceptual schematic of the shape memory effect. Reproduced with permission.[91] 
Copyright 2014, Science China Press. b) Sunflower-like SMP that was fabricated by 3D printing and actuated under 87 mW cm−2 (upper images) and 
infrared images before and after illumination (lower images). Reproduced with permission.[148] Copyright 2017, Wiley-VCH. c) Multishape memory 
effect through wavelength-sensitive photomanipulation. Reproduced with permission.[149] Copyright 2015, the Royal Society of Chemistry.
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light (λ2 = 808 nm). The neat epoxy segment exhibited no 
temperature increase upon irradiation and thus the shape 
remained unchanged. The p-Ap/epoxy composite showed an 
increased temperature over Ttran only under UV light exposure 
whereas the MWCNT/epoxy was responsive at both λ1 and 
λ2. When these three types of SMPs were integrated together 
and function alized, it showed three or more temporary shapes 
when alternately triggered by light sources λ1 and λ2. The 
remote manipulation of the multishape memory effect makes 
the shape recovery more flexible.

To increase the number of memory shapes, porous structures 
are utilized to reduce heat conduction. Light-absorbing mate-
rials can convert light energy into heat but the as-generated heat 
is restrained within the irradiated region because of the mass 
phonon scattering in porous structures. The insufficient thermal 
conductivity is essential for selective release of prestrain in tem-
porary shapes, even at the microscale. Chen et al. created multi-
shape memory actuators that could selectively release mechan-
ical energy and generate a variety of temporary shapes.

3.3.3. Nematic–isotropic Transition

Liquid crystals (LCs) are materials that can flow like liquids but 
their mesogenic units are oriented in a crystal manner.[150,151] 
Polymeric liquid crystal materials can be classified into different 
categories such as thermotropic LCs, lyotropic LCs, metallo-
tropic LCs, and phototropic LCs. Reviews with detailed intro-
ductions of their variety have been published.[152–154] Herein, 
we focus on thermotropic LCs, as they exhibit variable phases 
upon temperature change,[155] which is important for photo-
thermal actuators. The nematic phase is a common state of 
LCs at room temperature. In this phase, the rod-like units align 
in a directional order parallel with their long axes. When the 
temperature increases, the LC transforms into a conventional 
isotropic liquid phase because the thermal motion can disturb 
the ordered arrangement.[156] This transformation of LC units 
can lead to a volume contraction. Because the LCs demonstrate 
several fascinating features such topological constraint because 
of the cross-links,[157] the oriented order presented by the mes-
ogenic units, and the shape responsiveness due to the strong 
coupling between the orientation and the mechanical strain, 
they have been considered good candidates for photothermal 
actuators.[158,159] Unlike SMPs, LCEs based on the N-I phase 
transition can reversibly change their shapes under external 
stimuli without the need for external mechanical shaping.[98] 
Taking advantage of the N-I transition that occurs upon  
light irradiation, a reversible and dramatic linear contraction 
(30–400%) has been realized. Kohlmeyer and Chen reported a 
bilayer actuator consisting of an active layer of SWCNT–LCE 
composite and an inert layer of silicone.[160] Upon NIR irradi-
ation, the temperature of SWCNT–LCE can increase to greater 
than 80 °C within a few seconds, which is higher than the phase 
transition temperature (64.6 °C). The resultant actuator enables 
fast and reversible bending with a high light-to-work conver-
sion efficiency. Undoubtedly, incorporation of CNTs into LCEs 
can make the LCE-based actuators light responsive. However, 
the poor dispersion of CNTs in LCEs host has been considered 
a main barrier. Terentjev and co-workers solved this problem 

by introducing pyrene into the composites.[161–163] The presence 
of pyrene moieties can greatly improve the compatibility of 
LCEs and CNTs through π–π stacking, leading to remarkable 
photomechanical property. Meanwhile, the LCE can assist the 
CNT alignment under mechanical stretching, achieving good 
thermal conductivity along the CNT orientation. They further 
applied CNT–LCE into tactile devices producing localized light-
to-work actuation.[164,165,210]

In developing 3D actuators, great efforts have been made to 
realize 3D reconformation of LCEs. LCEs with exchangeable 
links (xLCEs), a type of vitrimer, have shown the potential to 
reach this goal. Ji and co-workers realized dynamic 3D struc-
tures that can be made and remade into different geometries 
while repairing mechanical damage and restoring after distor-
tion (Figure 10).[166] These authors proposed a light-sensitive 
actuator composed of CNTs and xLCEs composite materials, 
which was employed to realize dynamic 3D structures, such 
as fabricate, repair, assemble, or heal actuations. Without 
direct heating, light irradiation can rebuild the alignment of 
CNT–xLCE units, revealing great potential for spatial control 
of the orientation arrangement of the materials. The CNTs in 
the actuator account for the rapid exchange reaction in xLCEs. 
The as-prepared actuators could reversibly change their length 
as a result of alternation between nematic and isotropic phases 
(the temperature was varied between room temperature and 
120 °C). Because the numerous directional arrangements can 
be programmed in one film, the CNT–xLCE materials provide 
an opportunity to realize dynamic 3D structures on the same 
sample with great versatility. Additional research confirmed 
that the N-I transition of CNT–xLCEs can functionalize in the 
same manner as the shape memory effect. If the samples were 
deformed below 120 °C, the alignment information remained. 
The structure could be recovered to the permanent shape 
by reheating. However, when the actuation was performed 
at a higher temperature (above 180 °C), all the prewritten 
alignment information was lost. Therefore, the alignment 
information can be partially or completely erased by light-to-
heat conversion scheme. The photothermal actuations can be 
conducted at a broad temperature range, which is a benefit of 
the excellent photothermal properties of CNTs. In this work, a 
six-petal “flower” could realize more than 20 different shapes 
(Figure 10d), showing great flexibility in actuation performance.

It is worthy pointing out that the LC-based photoactua-
tors are not only based on obvious order–disorder transitions. 
Some of them function on only relatively minor changes of LC 
direction (order–order change).[167,168] LC order–order change 
can be further classified by the orientation direction, such as 
homeotropic alignment (perpendicular to the substrate), homo-
geneous alignment (parallel to the substrate) and tilt align-
ment (tilt with respect to the substrate surface normal).[152] 
The order–order change of LC units could be realized through 
photopolarization or photochemical mechanism, and is widely 
used in LC-based actuators and displays.[169]

3.3.4. Crystalline Structure Transition

The reversible monoclinic–tetragonal (M–T) transition in VO2 
also enables photothermal actuating because of its structure 
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variation (insulator–metal transition). The 
M–T phase transition can allow for the 
miniaturization of high-performance pho-
toactuators (at micro/nanoscale). When the 
temperature increases to a value greater 
than the trigger temperature (Tt, ≈68 °C), a 
substantial stress can be generated and con-
verted into mechanical motion (Figure 11a). 
The response time is on the order of millisec-
onds. Owing to these merits, VO2-based actu-
ators have been utilized in MEMS systems. 
However, unlike carbon materials, VO2-based 
actuators usually require higher light inten-
sity to trigger photothermal actuation due to 
their relative low photothermal conversion 
efficiency, which more or less hampers their 
broad application. To address this issue, VO2 
actuators have been integrated with photo-
thermally active CNTs to make use of photo-
energy. Spulveda and co-workers combined 
various types of SWCNTs with VO2 mate-
rials to create micromechanical light-driven 
actuators (Figure 11b).[170] The actuators 
showed abrupt bending behavior during the 
heating–cooling cycle, which indicated that 
the dominant actuation mechanism was the 
stress generated during the phase transition 
of VO2. The power needed for SWCNT/VO2 
microactuators is only half of that required 
for VO2-based actuators (Figure 11c). Recent 
research reported that the SWCNTs can 
endow the actuator with a chirality-dependent 
light response.[171] Three typical SWCNTs 
(unsorted, metallic and semiconducting 
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Figure 11. Properties of VO2-based photothermal actuators. a) Monoclinic–tetragonal character 
variation as a function of temperature because of the monoclinic to rutile phase change of 
VO2. b) The deflection of VO2 and SWCNT/VO2 cantilevers as a function of lasers intensity. 
c) The photographs of VO2 and SWCNT/VO2 actuators triggered by 2.9 × 104 mW cm−2. 
a–c) reproduced with permission.[170] Copyright 2015, American Chemical Society. d) Optical 
absorption spectra of VO2 actuators combined with unsorted, metallic, and semiconducting 
SWCNTs. Reproduced with permission.[171] Copyright 2017, American Association for the 
Advancement of Science.

Figure 10. Light-driven CNT–LCE actuator. a) Synthetic method of CNT–LCE material. b) Light-induced alignment of the LC unit. c) Optical images and 
schematic illustration of the reversible actuation of CNT–xLCE actuators. d) Demonstration of the photothermal performance of actuators made from 
CNT–xLCE, showing the ability to reconfigure into more than 20 different 3D structures. Reproduced with permission.[166] Copyright 2016, American 
Chemical Society.
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SWCNTs) were transferred on top of the actuators, and their 
absorption spectra are shown in Figure 11d. Application of 
these light-sensitive actuators is expected in MEMS-based logic 
gates and multiplexers.

3.4. Photothermal Surface Tension Effect

Light-to-work conversion could also be directly realized using 
the photothermal surface tension effect. A liquid with a high 
surface tension pulls more strongly on the surrounding liquid 
than one with a low surface tension (Marangoni effect). Based 
on this principle, light has been used to generate thermal sur-
face tension gradients at desired positions and cause a floating 
object to flow away from regions of low surface tension. Gen-
erally, when a light beam is directly irradiated onto liquids, 
surface tension gradients are formed by local photothermal 
heating. Therefore, a laser or focused sunlight can be used to 
selectively generate thermal surface tension gradients around 
a floating object without the need to apply toxic or exhaustible 
chemical intermediates for actuation.[172] To increase the output 
kinetic efficiency, photothermal materials have been integrated 
with floating devices for light driving via the Marangoni effect. 
Okawa et al. combined VACNTs with PDMS block and fabri-
cated a light-responsive actuator that can be pulled away on 
water by light irradiation.[84] As an outstanding photothermal 

material, VACNTs can effectively heat the surrounding liquid 
under light irradiation. The localized heating can generate a 
surface tension gradient, leading to linear and rotation motions 
of the device. The light driving strategy is not limited to a water 
surface; it is also suitable for various liquids such as glycerol, 
alcohols, and N,N-dimethyl formamide (DMF). To realize rota-
tion motions of devices through the photothermal Marangoni 
effect, Maggi et al. developed asymmetric microgears on the 
liquid-air interface that can convert absorbed light into local 
heat and generate a temperature gradient in the surrounding 
fluid under wild-field illumination (Figure 12a).[117] The asym-
metric shape breaks the symmetrical stress so that a nonzero 
total torque is generated because of surface tension gradients. 
A continuous rotational motion (up to 300 r.p.m.) was realized 
(Figure 12b). The asymmetric structural design provides a 
structure-dependent and robust method to produce photo-
thermal actuation.

Despite the abovementioned success, the flexible integration 
of efficient photothermal materials for such actuators remains 
challenging. Zhang et al. fabricated a light-driven superhydro-
phobic floating device with functional surfaces for light absorp-
tion and drag reduction.[173] The direct laser writing technique 
is employed for arbitrary patterning and surface modification 
of PDMS elastomers (Figure 12c). A simple laser treatment 
can carbonize PDMS with a rough surface, leading to a highly 
efficient photothermal layer with unique superhydrophobicity 
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Figure 12. Asymmetric microgears driven by light through the Marangoni effect. a) SEM and microscopy images of a microgear with an outer radius 
of 8 µm. Reproduced with permission.[117] Copyright 2015, Nature Publishing Group. b) Simulation of steady-state temperature distribution of the 
solvent temperature with microgear. Reproduced with permission.[116] Copyright 2014, the Royal Society of Chemistry. c) Schematic illustration of the 
facile laser patterning and modifying of the hydrophobic gear. d) Comparison of the wettabilities of pristine and laser-treated PDMS gear. Reproduced 
with permission.[173] Copyright 2017, Wiley-VCH.



www.afm-journal.dewww.advancedsciencenews.com

1802235 (16 of 23) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(Figure 12d). In this work, a fish, a dozer boat, and rotating 
gears were fabricated by integrating the carbonized PDMS at 
the desired position or designing asymmetric structures. The 
photothermal surface tension effect makes it possible to con-
vert light directly into useful work, which could be used for 
remote manipulation of devices. However, because the Maran-
goni effect is generally based on liquid/liquid and liquid/air 
interface, the surface tension effect manipulation is only work-
able in the case of objects floating on liquids, which limits its 
further application.

3.5. Photothermal Actuation under Magnetic Levitation

In addition to the aforementioned photothermal schemes, pho-
tothermal actuation can be realized in other ways. For instance, 
graphite is a typical diamagnetic material that can be levitated 
in a strong magnetic field at room temperature. In the levitated 
condition, the diamagnetic material can be effectively manipu-
lated by weak forces without any contact.[113,174,175] The principle 
of the actuation is derived from balance of the gravitational levi-
tation and the magnetic force, as described in the Equation (1)

/ d /dmeg 0mg F V B B zχ µ( )= =  (1)

where m is the mass of PG, g is the acceleration of gravity, χ 
is the magnetic susceptibility, V is the volume, µ0 is the per-
meability of vacuum, B is the magnetic field intensity, and z 
is the levitation height. Hence, the levitation height and the 
magnetic susceptibility show an inverse proportion. The static 
levitation behavior of the PG was investigated by irradiating the 
graphite with a 405 nm laser (260 mW, Figure 13a). Because 
the electrons excited by the photothermal effect greatly influ-
ence the magnetic susceptibility, light can change the height 
of PG (Figure 13b). Based on this magnetic levitation effect, 
Kobayashi and Abe demonstrated a practicable maglev-based 
actuator system in which the magnetically levitating PG can be 
driven freely by simple light irradiation.[175] The PG disk could 
be driven to any direction based on this photothermal behavior. 
When the irradiated site was moved from middle to the edge 
of the disk, the temperature distribution becomes asymmetric. 

The magnetic susceptibility is changed at the irradiated site, 
resulting in variation of the magnetic force. The PG gets off bal-
ance and moves toward the same direction the laser is moving 
(Figure 13c). This work is very important because it is the first 
maglev-based real-time motion control system. Application of 
the maglev technique in actuators and manipulators is expected 
because it can realize frictionless transportation upon simple 
light driving. However, actuation under magnetic levitation 
is still at an early stage; it is expected to broaden the practical 
usage of carbon-based photothermal actuators.

4. Conclusions and Outlook

As a pivotal component enabling direct conversion of var-
ious external stimuli into kinetic energy, actuators have 
been widely used for cutting-edge applications in intelligent 
systems including MEMS, NEMS, to robots. The unique 
physical, chemical, and mechanical properties of carbon-based 
nanomaterials revealed their potential for actuator design. 
Most carbon materials possess a wideband optical absorption 
capability that permits absorption of light of various wave-
lengths and excellent thermal conductivity that enables effec-
tive synchronous transfer of heat to other thermally sensitive 
materials. The photothermal activity makes carbon materials 
preferred candidates for developing photothermal actuators. 
In this review, we comprehensively summarized carbon-
based photothermal actuators. Several typical carbon materials 
including graphite, CNTs (e.g., SWCNTs, VACNTs, ACNTs), 
graphene, graphene derivatives (GO, RGO), and amorphous 
carbon have been successfully employed for photothermal 
actuators. Notably, these carbon materials have revealed a 
series of advantages. For instance, CNTs are widely used in 
various photothermal actuators because they feature a high 
length-to-diameter ratio and good flexibility. Moreover, the 
chiral property of SWCNTs, the anisotropy of ACNTs, and 
the ultrahigh light absorption capability of VACNTs allow for 
CNT-based actuators with distinct properties such as chiral 
deformation, wavelength selectivity, and high energy conver-
sion efficiency. As a new type of 2D carbon nanomaterial with 
excellent mechanical and electrical properties, graphene has 
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Figure 13. Maglev-based actuator. a) Schematic illustration of experimental measurement of the levitation height influenced by laser irradiation. b) The 
levitation height and magnetic susceptibility of a PG disk as a function of temperature variation. c) Photographic capture of the directional movement 
because of magnetic levitation. Reproduced with permission.[175] Copyright 2012, American Chemical Society.
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been adopted in photothermal actuators, in which ultrathin 
and transparent actuators that can maintain extremely high 
energy conversion efficiency have been achieved. Graphene 
derivatives such as GO and RGO are also promising for pho-
tothermal actuators. GO can adsorb water molecules and swell 
itself because of the presence of plenty of oxygen functional 
groups. Because the adsorption/desorption largely depends 
on the temperature change, it enables novel photothermal 
actuation. In addition, graphite, carbon black, and amorphous 
carbon also contribute to the cost-effective fabrication of high-
performance photothermal actuators. Actually, in addition 
to carbon-based materials, plasmonic particles such as silver 
nanoparticles, gold nanorods, and gold nanostars can also 
promote the photothermal conversion efficiency.[176–178] Due 
to the surface plasmon resonance, the collective and coherent 
oscillation of free electrons on nanoparticle surface can lead 
to effective conversion of photoenergy to heat. As compared 
with carbon materials, the plasmonic nanoparticles have 
revealed much higher light-to-heat conversion efficiency and 
tunable light absorption property. However, the application of 
these plasmonic nanoparticles in photothermal actuators is 
somewhat restricted by their high cost, limited heat affected 
region, and complexity in preparation. Besides, organic dyes 
have also emerged as photothermal agents since they can 
convert partial photoenergy into heat in addition to their fluo-
rescence emission.[179,180] Organic dyes may be biodegradable 
and biocompatible, which is of benefit to actuator design. 
However, compared with carbon materials, dyes usually suffer 
from poor stability under strong irradiation and low light-to-
heat conversion efficiency.

Over the past decades, carbon materials have been devel-
oped due to their importance in materials science and there are 
various carbon materials that can easily be prepared or directly 
purchased to develop photothermal actuators. Carbon materials 
can act as a functional layer or doping agent for composites 
to enhance the photothermal activity. Great efforts have been 
devoted to the preparation and selection of suitable carbon 
materials for actuator design. Less attention has been paid to 
the processing of carbon materials. Designable prototyping 
of carbon materials into desired configurations is also impor-
tant to fabricate actuators. With solution processing capability, 
GO appears to be a good choice. The properties of GO can be 
precisely tuned by selectively removing the oxygen groups and 
covalently grating other functional groups. Doping of carbon 
materials with processable polymers, forming a composite, 
may also benefit actuator fabrication. The current situation can 
be changed with the rapid progress of advanced processing 
technologies. With the help of laser processing and 3D printing 
technologies, carbon-based photothermal actuators can be fab-
ricated in a much easier manner.

In addition to the advanced photothermal materials, photo-
thermal schemes enabling effective light-to-work conversion 
are also essential for actuator design. Typically, photothermal 
expansion actuation requires bilayer structures with a large 
CTE difference between the two layers; photothermal desorp-
tion can be applied when the adsorption/desorption of guest 
molecules can lead to obvious volume changes; specific phase 
change occurs following the transformation of constituent 
units as a result of temperature variation; the Marangoni 

effect forms a surface tension gradient; and the magnetic 
susceptibility-guided movement requires a magnetic array. 
We discussed the principles of different mechanisms and the 
possibilities for promotion of the response speed, amplitude,  
and flexibility, respectively. Different photothermal strategies 
feature distinct merits and also suffer from some limitations 
at the mean time. Photothermal effects induced expansion 
and contraction is a common phenomenon that is suitable 
for developing actuator using various carbon embedded 
bilayer materials. However, the performance of this kind  
of actuators might be easily affected by the working temper-
ature. Actuators based photothermal desorption effect can 
promote the molecules desorption rate and thus shorten the 
response time significantly. However, the working environ-
ment of these actuators is quite limited because it should con-
tain a large amount of active molecules to induce the actuation. 
Photothermal effect triggered phase change such as wettability 
changes, shape memory effect, variable phase of thermotropic 
LCs, and the crystalline structure transition of oxides can store 
and release large amounts of energy, emerging as an appealing 
manner to develop photothermal actuators. However, the pho-
tothermal-induced phase change is only suitable for special 
materials. Photothermal surface tension effect enables light-to-
work conversion through a novel manner. However, the actua-
tors manipulated via the Marangoni effect are only workable 
on water surfaces. To comprehensively summarize, the perfor-
mance of the reported carbon-based photothermal actuators 
based on different photothermal schemes is shown in Table 3. 
We believe that photothermal actuating strategies are not lim-
ited to the examples mentioned above. If the thermal effects 
can induce significant volume change, detectable deformation, 
or unbalance of force, direct light-to-work conversion can be 
realized using photothermal carbon materials.

Despite the rapid advancements in carbon-based pho-
tothermal actuators, progress in this field faces several 
challenges. First, most actuators have been designed and 
fabricated based on 2D patterns and 3D photothermal actua-
tors are rare. A possible reason to this limitation is the lack 
of powerful 3D fabrication technologies that enable design-
able prototyping of multimaterials. Most studies on photo-
thermal actuators are focused on the responsive performance 
and the pursuit of high speed and large deformation. There 
is still potential to explore their practical applications in dif-
ferent smart systems and devices. To make individual actua-
tors workable in a holistic device, the flexible integration of 
such actuators is critical. The third challenge lies in the flex-
ible manipulation of photothermal actuators. The merits of 
light-driving strategies are not limited to facilitating energy 
loading and avoiding external connected energy supply sys-
tems. Light manipulation can be more flexible because of 
the multiform tunable parameters. We believe that temporal 
and spatial control of light sources can be readily realized by 
tuning their intensity, period, distance, and wavelength of the 
light sources. With the progress in new types of carbon mate-
rials, advanced 3D micro/nanofabrication technologies, novel 
photothermal schemes, and sophisticated light manipulation 
strategies, carbon-based photothermal actuators may achieve 
rapid advancements and find more cutting-edge applications 
in the near future.

Adv. Funct. Mater. 2018, 28, 1802235
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Table 3. Various photothermal actuation strategies and their performance.

Mechanism Materials Structure Size of typical 
devices

Actuation Performance 
(bending angle 
or curvature)

Light source/
intensity

Response time Feature Ref.

Thermal 

expansion

PC/CNT Bilayer 25 mm in diameter Reversible 

bending
90° Simulated 

sunlight  

100 mW cm−2

0.87 s Wavelength-

selective

[77,204]

Cu/Cu2O/RGO Multilayer 4 cm × 5 mm Reversible 

bending
1.3 cm−1 1000 Infrared 

light

2 s [121]

CNT/PDMS Bilayer 21 mm × 14 mm Reversible 

bending, 

jumping

215° Sunlight  

250 mW cm−2

0.83 s

7 s recovery

[76]

RGO–TEM–PDMS/

PDMS

Bilayer 20 mm × 2 mm Permanent 

bending
180° IR lamp 250 W 30 s [123]

GNP–PDMS/Cr Bilayer 15 mm × 2.5 mm Reversible 

bending
40° IR 550 mW cm−2 1 s

3 s recovery

[193]

PDMS–GNP/PDMS Bilayer 7 mm × 1 mm Reversible 

bending
1500 µm NIR

29.5 W mm−2

3.4 s [99,205]

ACNT/paraffin wax Bilayer 20 mm × 4 mm Reversible 

bending or 

twisting

85° Visible light

100 mW cm−2

0.87 s

1.86 s

[79]

RGO–CNT/PDMS Bilayer 24 mm × 5 mm bending 479° Simulated 

sunlight

250 W cm−2

3.6 s

6.8 s

[122]

Thermal 

desorption

CNP Anisotropic film 5 mm × 2 mm Reversible 

bending or 

jumping

≈110° UV light 

(365 nm)  

200 mW cm−2

0.05 s [125]

GO Asymmetric film 2.5 cm × 0.5 cm Reversible 

bending

– IR light <1 s [133]

RGO/GO Gradient-

reduced GO/

RGO

20 mm × 2 mm Reversible 

bending
95° IR light

150 mW cm−2

0.3 s [182]

GO–PDA/RGO Dual gradient 

structure
10 mm × 8 mm Reversible 

bending
60° NIR light

100 mW cm−2

2 s [102]

PDA–RGO/NOA-63 Bilayer 1.2 cm × 0.5 cm Reversible 

bending
90° NIR light

22 mW cm−2

2 s

5 s recovery

[129]

Thermal 

expansion and 

desorption

SWCNT/PVDF Bilayer 2 cm × 2 cm Reversible 

bending or 

twisting

910° 100 W lamp 1.06 s [203]

GO/BOPP Bilayer 15 mm × 2 mm Reversible 

bending or 

twisting

2.8 cm−1 NIR light

300 mW cm−2

10 s

Vm =  

0.28 cm−1 s−1

Light to heat 

76.5%

[131]

BOPP/graphite/

paper

multilayer 30 mm × 10 mm Reversible 

bidirectional 

bending

1.9 cm−1 NIR light

300 mW cm−2

10 s

15 s recovery

Light to heat 

85.5%

[110]

Soluble 

–insoluble 

transition

GO–PNIPAAm/

PNIPAAm

Bilayer 50 mm × 10 mm Reversible 

contraction, 

bending or 

twisting

Shift 21 mm 

(34 mm in 

length)

IR light

0.8 W cm−2

110 s [140,206]

PNIPAAm–RGO Composite fiber 1.1 mm in  

diameter

Reversible 

bending, struc-

ture color shift

50° NIR light 40 s Asymmetric 

irradiation

[141]

PNIPAAm–RGO/

PAAm

Bilayer 215 µm × 760 µm Reversible 

bending
360° Blue light or 

sunlight

41.8 mW cm−2

30 s [139]
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Mechanism Materials Structure Size of typical 
devices

Actuation Performance 
(bending angle 
or curvature)

Light source/
intensity

Response time Feature Ref.

SWCNT–PNIPAAm-

AuNRs

Composite 

membrane

2.54 cm2 Tunable pore 

size
35 890 m2 h−1 

bar−1

NIR laser

3.38 W cm−2

4 s [181]

ELP–RGO Anisotropic film cm Reversible 

bending
75° NIR laser

5.7 W cm−2

3 s

>10 s recovery

[100]

SWCNT–PNIPAAm/

LDPE

Bilayer 50 mm × 5 mm Reversible 

bending
90° NIR laser 2.7 s [137]

SME PU–CB 3D structure 

(through 3D 

printing)

50 mm × 20 mm Single-shape 

memory
140° Sunlight

198 mW cm−2

180 s Light to heat 

≈10%

[148]

Epoxy/p-Ap–epoxy/

MWCNT–epoxy

Separated 

segments
30 mm × 5 mm Triple/

multishape 

memory

– λ1 = 808 nm

2.8 W cm−2;

λ2 = 365 nm

270 mW cm−2

<10 s Wavelength-

selective

[149]

GO–PVDF–HFP Composite film 1 mm × 1 mm Single-shape 

memory

– 450 nm light

54 mW cm−2

2 s Tumbler 

movement

[207]

CNT–boron 

nitride–epoxy

Composite film 60 mm × 10 mm Single-shape 

memory
180° NIR light heating 

oven

60 s [208]

TPU–SRGO or 

TPU–SCNT

Composite film 30 mm × 10 mm Stress recovery Elongated by 

250%
IR > 900 nm

30 mW cm−2

18 s Max. weight 

107.9 g

[106,209]

Nematic– 

isotropic 

transition

CNT–xLCE Composite film 5 mm Reshaped or 

reconfigured

– 808 nm NIR 

light

0.84 W cm−2

Few seconds Can be performed 

at −130 °C

[166]

SWCNT or IR  

dye–LCE/ 

silicone

Bilayer 23 mm × 3 mm Reversible 

bending
0.28 mm−1 NIR light  

11 mW mm−2

10 s Wavelength-

selective

[160]

Azo-LCP–CNT Composite strip 2 cm × 2 mm Reversible 

deflection

12 mm UV light

50–100 mW 

cm−2

<2 s [43]

CNT–LCE Composite strip 3 mm × 0.8 mm Reversible 

bending

Broad-spectrum 

light  

30 mW cm−2

5 s [165,210]

GO–LC Composite strip 20 mm × 5 mm Reversible 

bending

– 450 nm UV light

54 mW cm−2

808 nm NIR 

light

66 mW cm−2

1.5 s [156]

Monoclinic–

tetragonal 

transition

VO2/SWCNT/SiO2 multilayer 400 µm × 40 µm Reversible 

deflection
40 µm 660 nm 985 nm 

laser

80 mW

<5 ms Wavelength-

selective

[170,171]

Marangoni  

effect

Carbonized PDMS Microgear 1.5 cm in diameter Rotation; 

self-propel
1.57 rad s−1

2 cm

Laser or  

sunlight

0.9 W cm−2

2.4 s Liquid–air 

interface

[173]

Amorphous carbon/

SU-8

Microgear 8 µm in diameter Rotation 300 r.p.m. Incoherent light – Liquid–air 

interface

[116,117]

VACNT–PDMS Bulk object mm Linear or rota-

tion motion

8 cm 785 nm laser

450 mW

1 s Liquid–air 

interface

Output force 

≈29 µN

[84]

Magnetic 

susceptibility 

change

Pyrolytic graphite Disk 3 mm in diameter Rotation or 

linear motion

200 r.p.m. 405 nm

300 mW

– [175]

Table 3. Continued.
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