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Abstract: Soft actuator, as a new type of energy conversion device, can convert light, heat, electricity,
humidity and other energies from the external environment into mechanical energy. It has gradually been
widely used in the fields of artificial muscles, micro robotic arms and soft robots with the features of
lightweight, miniaturization and intelligence. Among them, light-driven soft actuators have attracted
the attention of many research scholars due to the advantages of non-contact operation, fast response,
programmability and versatility. The aim of this review is to systematically summarize the recent research
progress of photothermal conversion materials in soft actuators. Firstly, the selection of soft substrates
is introduced. Secondly, the photothermal conversion materials with different types of photothermal
conversion mechanisms are discussed. We discuss the specific applications of these materials in soft
actuators, such as soft robots, soft grippers and oscillators. Finally, the current challenges in soft actuator
design are analyzed and potential problems and potential solutions for future research are discussed.
It is expected that these contents can provide some understanding and reference for the application of
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photothermal conversion materials in soft actuators.
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Figure 2 (a) sp’ hybridization between the hybrid orbitals; (b) The crystal structure of graphite made up of stacked graphene

layers (Reprinted with permission from Ref.[41]; Copyright 2020 IEEE); (c) Preparation of Graphene oxide (Reprinted with

permission from Ref.[56]; Copyright 2020 The Royal Society of Chemistry)
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Figure 3 (a) Fluorescent color and 3D shape changes of stimulus responsive polymer hydrogels; (b) The adhesion principle
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between GO-PNIPAM hydrogel and PBI-HPEI hydrogel based on host guest interaction; (c) Thermoresponsive bending and

shape-depended color changing; (d) The pH-responsive fluorescent color changing after shape deformation (Reprinted with

permission from Ref.[60]; Copyright 2018 Wiley-VCH)
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Figure 4 (a) Schematic diagram of precise PPy patterning on GO film for manufacturing GO/PPy actuators; (b) The working
mechanism of GO/PPy double-layer actuator; (c) GO/PPy actuators exhibit excellent cyclic actuation stability under 100
cycles of switching IR illumination conditions; (d) The motion process of a soft walking robot under intermittent IR light

stimulation(Reprinted with permission from Ref.[62]; Copyright 2019 Springer Nature)
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Figure 5 (a) The formation mechanism and microstructure of PNIPAM/GO hydrogel; (b) Bending behavior of PNIPAM/GO
hydrogel strips (length: 5 cm, width: 3 mm, thickness: 1.6 mm) driven by IR light (Reprinted with permission from Ref.[64];

Copyright 2017 Springer Nature)
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Figure 6 (a) Synthesis route and chemical structure design diagram of PEI@PDA hydrogel; (b) Schematic diagram of

multifunctional hydrogel material with adsorption, detection and driving properties, used to effectively remove micro plastic

compounds and its working mechanism (Reprinted with permission from Ref.[65]; Copyright 2022 American Chemical

Society)
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Figure 7 (a) Schematic diagram of graded nanostructures in composite materials; (b) Schematic adsorption sites of MB, TC,
and Pb>" onto CD-SG; (c) The fish-shaped soft robot continuously moves to absorb MCP while the periodic NIR light on and off;
(d) LSCM images of fish shaped soft robots before and after adsorbing MCP particles (excitation wavelength=639 nm ); (e) The
maximum adsorption capacity of robots for MB, TC, and Pb?"-MCPs; (f) The adsorption and desorption efficiency of the robot
on MB, TC, and Pb>*-MCP (Reprinted with permission from Ref.[66]; Copyright 2022 American Chemical Society)
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Figure 8 (a) Schematic diagram of single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTs). (Reprinted with permission from Ref.[69];
Copyright 2021 MDPI); (b) Schematic diagram of carbon
nanotube photothermal conversion material undergoing
conjugation or hyperconjugation effect for photothermal
conversion(Reprinted with permission from Ref.[77];
Copyright 2021 Elsevier)
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Table 1 Physical properties of graphene and oxidized graphene(including thermal conductivity, mechanical strength, specific

surface area, etc.)[44]

izt HGHE (Wm KT HUMER J (TPa) KA (m? g )

CNT 1000~6000 0.063 50~1315
SWCNT >6000 1 435
MWCNT 2000~3000 0.2~4 25~260
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Figure 9 (a) Polymerization scheme for preparing SWCNT-PNIPAM hydrogel using Gel Pak Film mold and UV curing; (b)
Hydrogel strips with different SWCNT concentrations prepared using the method shown in Ref.[14]; (¢) SWCNT-PNIPAM
double-layer actuator; (d-f) After being irradiated by the NIR laser beam from the top, the SWCNT-PNIPAM layer shrinks, and
the SWCNT-PNIPAM hydrogel becomes opaque (i.e. black); (g-j) SWCNT-PNIPAM hydrogel becomes transparent after the

laser beam is turned off, indicating that the hydrogel returns to the swelling state (Reprinted with permission from Ref.[14];

Copyright 2021 American Chemical Society)
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Figure 10 (a) Preparation process of PNIPAM/CNT hydrogel; (b) Optical images of PNIPAM/CNT hydrogel swimming in
visible light; (c) The function of the bending angle over time during a light on/off cycle; (d) Schematic diagram of walking and

jumping mechanism of PNIPAM/CNT hydrogel (Reprinted with permission from Ref.[78]; Copyright 2021 American Chemical

Society)
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Figure 11 (a) Synthesis diagram of CNTs-Ecoflex/PNIPAM hydrogel composite inspired by skin and muscle; (b) Bending
behavior of CNTs-Ecoflex/PNIPAM hydrogel under NIR stimulation; (c) Application demonstration of CNTs-Ecoflex/PNIPAM
intelligent gripper, which can capture moving fish models in 40 °C water bath (Reprinted with permission from Ref.[29];
Copyright 2021 Elsevier)
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Figure 12 Schematic diagram of the photothermal conversion principle of metal nanoparticle structure (Reprinted with
permission from Ref.[86]; Copyright 2018 Wiley-VCH)
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Figure 13 (a) Schematic representation of the gel oscillator and the setup. Initially, the gel-made pillar is placed vertically on
the ground in water. As the light is switched on, the gel pillar bends toward the light (step i) and then starts the oscillation (step
ii); (b) Superimposed frames indicating the tracking followed with oscillation; (c) Sequential snapshots of swimmer while shining
constant light. Input power was 450 mW (Reprinted with permission from Ref.[87]; Copyright 2019 The American Association

for the Advancement of Science)
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Figure 14 (a) The components of the photoresponsive TiNS/AuNP hydrogel actuator; (b) Preparation of the TINS/AuNP
hydrogel. Because a 10-T magnetic field is applied during the polymerization, TiNSs trapped by the hydrogel network are
cofacially orientated; (c) Schematic diagram of hydrogel actuator crawling under optical drive (Reprinted with permission from
Ref.[88]; Copyright 2018 Wiley-VCH)
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Figure 15 (a) Schematic illustrating of the hydrogel actuator; (b) Schematic showing the internal structure of the hydrogel

actuator; (c, d) Jumping (under 2.34 W irradiation) and (e, f) rolling (under 0.67 W irradiation) behavior of the hydrogel actuator; (g)

Hydrogel jumping speed; (h) Hydrogel rolling speed (Reprinted with permission from Ref.[89]; Copyright 2020 Springer Nature)



30 (TS S S 1 R 2025 4
(2) Common MXene s-MXene o-MXene
iasdies ideies i
0006000 CLARLH : © ok —Moe —T¢ —ve
CREERES OCEEEHLS CRERENO _ —Nb,C ——=Ti,C, ——Mo,TiC,
." [ 21 OOAD L {. @bt“'ﬁilﬁ‘fr T 8k b} ——Nb,Cy——Ta,C; ——Mo,Ti,C;1
LB ] " O T I I L L g -
- Top 6k
h-MXene t-MXene i-MXene g
ot iaie N TR 2 4k [
0LLOON D (o110 g -
o . Jl\. ERCRUNUN 4.8 8 l. . -
CaEuy cuseuEe elger 2k} _
L RS LR E N i %l LB % e
oUvPeYY CRmEEEe oL e ok ; : .
. i e - LELEL LB | L
o 100 400 600 800 1000
a:Tcs OM OM OM M| Wavelength (nm)
(b)
E Thermal radiation ‘
Photothermal
- 9 conversion
Light
scattering
2D MXenes k \‘

16 (a) /~FhE % MXenes 174514 K1°*1 (2022 Springer Nature FiiAL471); (b) MXene Y6 # 4K #1P (2020 Wiley-VCH
WBLYFIT): (c) Mxene (RIEZTSMEIERFHEN ) (2020 Wiley-VCH FRALFTT)
Figure 16 (a) Structural diagrams of six main MXenes (Reprinted with permission from Ref.[93]; Copyright 2022 Springer

Nature); (b) MXene photothermal conversion mechanism (Reprinted with permission from Ref.[99]; Copyright 2020 Wiley-
VCH); (c) The NIR extinction characteristics of Mxene (Reprinted with permission from Ref.[100]; Copyright 2020 Wiley-VCH)
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Figure 17 (a) Schematic diagram of material, structure, electrically driven shape-programming and NIR light-driven shape
deformation of MXene anisotropic hydrogel actuator; (b) Preparation method of Mxene-containing hydrogel; (c) Real images
of Mxene-containing hydrogel actuators when exposed to 808 nm NIR light (0.3 W~cm_2); (d) Thermal imaging photos of the
Mxene-containing hydrogel actuator exposed to 808 nm NIR light (0.3 W-cmﬁz); (e) The NIR light-driven four-arm soft gripper
can perform various mechanical functions, including gripping, lifting, and releasing objects. Under 808 nm NIR irradiation with a
power of 0.9 W-cm 2 in water at 25 °C (Reprinted with permission from Ref.[102]; Copyright 2021 Wiley-VCH)
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Figure 18 (a) Schematic diagram of P-MXene preparation; (b) Schematic diagram of synthesis of bilayer hydrogel;(c) Real
images of the bilayer hydrogel actuator irradiated by 808 nm NIR light (0.4 W-cmﬁz) and (d) the corresponding NIR thermogram; (e)
Triangular sponge (0.5 g); (f) Cylindrical glass bottle (30 g); The behavior of grabbing the same object at (g) room temperature
(30 °C) and (h) high temperature (55 °C) conditions to realize the thermoreception function (Reprinted with permission from Ref.
[105]; Copyright 2023 American Chemical Society)
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Figure 19 (a) Photos of the artificial flapping butterfly viewed from side and top (the color of the PhC film also changes with

temperature); (b) Schematic diagram of the lifting process of the PhC film under NIR irradiation; (c) The robot crawls forward

under the drive of NIR radiation and moisture (Reprinted with permission from Ref.[107]; Copyright 2022 Elsevier)
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Figure 20 (A) Schematic diagram of the preparation process of MXene/Liponite/PNIPAM ternary nanocomposite hydrogel (TN),

without MXene hydrogel (NC), and bilayer TN/NC hydrogel actuators; (B) Photographs of photomechanical bending of cruciform
bilayer hydrogel actuator (a) in air and (b) in water (Reprinted with permission from Ref.[108]; Copyright 2021 Wiley-VCH)
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Figure 21 (a) Schematic diagram of PNIPAM/MXene hydrogel synthesis process; (b) Structural model of PMD hydrogel
rapidly swelling mechanism; (c¢) Schematic diagram of PMD hydrogel actuator as a light controlled intelligent switch under NIR
light stimulation (Reprinted with permission from Ref.[110]; Copyright 2023 Wiley-VCH)
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