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Abstract:  

Photothermal actuators have attracted increasing attention due to their ability to convert light 

energy into mechanical deformation and locomotion. This work reports a free-standing, multi-

directional photothermal robot that can walk along a pre-designed pathway by modulating laser 

polarization and on-off switching. Magnetic-plasmonic hybrid Fe3O4/Ag nanorods are 

synthesized using an unconventional templating approach. The coupled magnetic and plasmonic 

anisotropy allows the control of the rod orientation, plasmonic excitation, and photothermal 

conversion by simply applying a magnetic field. Once the rods are fixed with desirable 

orientations in a bimorph actuator by magnetic field-assisted lithography, the bending of the 

actuator can be controlled by switching laser polarization. A bipedal robot is created by coupling 

the rod orientation with the alternating actuation of its two legs. Irradiating the robot by a laser 

with alternating or fixed polarization synergistically results in basic moving (backward and 
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forward) and turning (including left-, right-, and U-turn), respectively. A complex walk along 

pre-designed pathways can be potentially programmed by combining the moving and turning 

modes of the robots. This strategy provides an alternative driving mechanism for preparing 

functional soft robots, thus breaking through the limitations in the existing systems in terms of 

light sources and actuation manners. 

 

Photothermal soft actuators or robots rely on the photothermal effects of light-absorbing 

materials, such as carbon materials,[1] plasmonic nanostructures,[2] and organic dyes[3] for 

converting light energy to mechanical deformation and locomotion. Compared with soft 

actuators that are powered by other stimuli,[4] including electricity,[5] magnetic field,[6] solvent,[7] 

moisture,[8] salt,[9] and heat,[10] photothermal robots take advantage of light as a clean and safe 

energy source for precise, remote, and fast mechanical actuation.[1b, 11] Compared with 

photochemical actuation and optical tweezers, light-absorbing materials can be incorporated into 

various functional matrices to perform the desired mechanical work, thereby providing more 

flexibility in actuator design and more opportunities for practical applications.[12] Over the past 

decade, photothermal actuators are of particular interest and have been widely exploited in 

biomimetic robots, tissue engineering, biomedicine, and artificial intelligent systems.[13]  

A typical photothermal actuating system comprises three components: light-absorbing materials 

for efficient photothermal conversion, thermally responsive layers for volume expansion, phase 

change, or molecular desorption, as well as passive layers.[12c, 14] In some cases, the light-

absorbing materials also serve as active or passive layers.[15] This simple design of materials 

represents an open platform for achieving some basic mechanical deformations, including 

bending, twisting, and rotation.[13b] Of more significant challenges is to transform this shape-



morphing into well-controlled multimodal locomotion to achieve functions desired for different 

demands. Bimorph photothermal actuators can crawl on a substrate with a sawtooth-featured 

surface in one direction, representing an effective approach toward directional locomotion.[2a, 16] 

Bio-inspired soft robots are more often designed into asymmetric shapes to mimic specific 

movements of natural creatures.[17] These strategies have advantages of easy fabrication, simple 

actuation, and a low requirement on light source yet are limited to providing one-way movement, 

which makes it challenging to realize the bionic functionalities. Extending the movement degrees 

of freedom can be achieved by precisely controlling the irradiation position or the scanning 

direction of light.[18] A few advanced working mechanisms involve the wavelength-dependent 

photothermal conversion and selective actuation of specific domains of hierarchical architectures 

so that multi-directional move can be produced reversibly. Liquid crystal elastomers, for 

example, contain different light-absorbing dyes can perform multi-directional move by using 

three lasers at the specific wavelength.[19] These methods require complicated modulation of 

light source to induce asymmetric shape deformation and directional move or on-demand turning. 

In addition, the complicated fabrication process, demanding actuation procedure, and limited 

choice of materials pose additional restrictions on their practical applications. 

While modulating light polarization has the potential for controlling the physical properties of 

nanostructures,[14d, 20] its application in developing soft actuators capable of multiplex 

movements has not been fully explored due to the lack of processes and materials for efficient 

orientational control and photothermal conversion. Here, we report a free-standing, multi-

directional photothermal actuator that can be simply actuated by controlling the polarization of a 

single laser beam. This bipedal robot takes advantage of the selective excitation of plasmonic 

rods when rod orientation can be conveniently controlled. To this end, we use an unconventional 



templating approach to directly synthesize hybrid Fe3O4/Ag nanorods with coupled magnetic-

plasmonic anisotropy. Relying on the unique Janus structure, the orientation and physical 

properties of the rods can be actively tuned by applying a magnetic field. Further fixing the 

orientation of the rods in the polymer matrix enables selective photothermal conversion and 

bending of film actuators. As a proof-of-concept, a bipedal robot was prepared by magnetically 

aligning the hybrid Fe3O4/Ag nanorods with orthogonal collective orientation in its two legs. 

Modulating the laser polarization during irradiation can selectively actuate the two legs on 

demand, which synergistically drives the locomotion of the robot. For example, straight walking 

or turning can be achieved by irradiating the robot with a laser of alternative or fixed polarization, 

respectively. By programming the two irradiation modes, the free-standing robot can walk along 

any pre-designed pathway using a laser beam.  

The hybrid or Janus nanorods were synthesized by an unconventional templating approach as 

reported previously.[2a, 21] Briefly, magnetic nanorods (110 nm×20 nm) are used as an initial 

template.[22] Au seeds (~2 nm, denoted as Aus) were attached to their surface through 

electrostatic interactions (Figure S1, Supporting Information).[23] Ag was chosen as the light-

absorbing material because Ag has a much lower cost, higher abundance, stronger plasmonic 

activities, and higher photothermal conversion efficiency compared with Au.[24] Besides, Ag 

nanorods have a transverse mode at short wavelength, and the large separation of the two 

resonance peaks may facilitate the polarization-selective photothermal conversion and 

actuation.[25] For growing uniform Ag nanorods, resorcinol is used as a reducing agent to avoid 

free nucleation because its weak reducing power can keep the Ag monomers below the 

nucleation concentration limit.[26] Also, it maintains the continuous Ag deposition by avoiding 

the stepwise addition or slow injection of Ag precursors.[27] The reaction temperature was raised 



to 80 oC, which could enhance the Ostwald ripening at the initial stage of the reaction. 

Consequently, many small Au seeds were oxidized by oxygen and dissolved in the reaction 

(Figure S2, Supporting Information). We observe an inhomogeneous growth of Ag in the 

templates, which is largely ascribed to the strong coordination between Ag+ and trapped NH4
+ 

and the slow diffusion of Ag+ through the resorcinol-formaldehyde (RF) shells.[28] If RF shells 

are etched by NaOH, the fast Ag+ diffusion produces multiple large Ag grains (Figure S3, 

Supporting Information). This comparison underpins the important role of RF shells in 

regulating the growing kinetics: the slow diffusion of Ag+ from the reaction solution to the inner 

gap retards the Ag growth, prolongs the Ostwald ripening process, and is responsible for the 

growth of Ag on limited seeds into high-quality rods (Figure S4, Supporting Information).  

The final hybrid Fe3O4/Ag nanorods are shown in Figure 1a with uniform morphology and a 

smooth surface. Their two peaks at 410 nm and 920 nm are well separated with comparable 

intensity (Fig. S5, Supporting Information). The high-resolution TEM (HR-TEM) image in 

Figure S6 demonstrates a polycrystalline nature of Ag rods with a clear crystal boundary 

between the (111) facets. Figure S7 shows that the elemental signals of Ag overlap with signals 

of Fe, which confirms the hybrid structure of Fe3O4 and Ag nanorods in a parallel alignment. The 

fine structure of the hybrid rods is further resolved by electron tomography. Figure 1b is a 3D 

reconstructed hybrid nanorod with a side-by-side configuration that is completely wrapped by an 

RF shell (See Supporting Video 1 for the 3D view of the rod). By reconstructing horizontal slices 

at three vertical positions, the rod position, morphology, and Fe3O4-Ag interface can be observed 

(Figure 1c). The first, second, and third cross-sections at the corresponding 1/4, 1/2, and 3/4 of 

the rod thickness are shown in Figure 1d. Notably, due to the templating effect, the Fe3O4 rod 

creates a concave defect in the Ag rod with a smooth, clear domain boundary between them 



(Supporting Video 2). The absorption peak and aspect ratio of Ag rods can be controlled by 

changing the silica thickness. When a thin silica layer (~5 nm) was used, the peak of longitudinal 

mode redshifted to 955 nm, and the templates produced thin Ag rods with a large aspect ratio 

(Figure S8, Supporting Information). Meanwhile, we observe a new peak at ~550 nm, largely 

because of the surface concavity of Ag rods, which induces a new concave peak.[21] Our thermal 

treatment on the hybrid rods demonstrates the perfect thermostability of Ag rods (Figure S9, 

Supporting Information). The strong coordination between Ag and trapped NH4
+ in RF shell is 

one possible reason for this enhanced stability.  

The magnetic Fe3O4 rod has a unique shape anisotropy with preferential parallel alignment to a 

magnetic field to minimize magnetic potential energy.[29] The orientation of the neighboring Ag 

rods can be controlled by applying a magnet because of the coupled magnetic-plasmonic 

anisotropy.[30] Measuring the rods extinction under z-polarized light provides a quantitative 

excitation-orientation correlation (Figure S10, Supporting Information).  As the rods were 

magnetically aligned from |0o> to |90o> (Figure 1e), we observed a gradual suppression of 

longitudinal mode and enhancement of transverse mode, whose excitation can be described by 

cos2Ɵ and sin2Ɵ, respectively (Ɵ is the angle between rod orientation and polarization). These 

observations predict that it is possible to control the photothermal conversion of hybrid rods 

using the same magnetic orientation control. To verify this hypothesis, we first measured the 

temperature of rod dispersion during 450-nm laser irradiation while applying a magnetic field to 

control their collective orientation. In Figure 1f, ΔT is larger or smaller than that measured under 

the absence of a magnetic field when a parallel (|0o>.) or perpendicular (|90o>.) field was applied, 

respectively. The different photothermal property is consistent with the selective excitation of the 

longitudinal mode. For example, at |0o>, the parallel alignment to laser polarization only excites 



the longitudinal mode, and therefore ΔT is higher than other configurations. The orientation-

dependent photothermal conversion is similar in a solid polymer film. As shown in Figure 1g and 

1h, the ΔT was higher when only transverse mode (conditions ii and iii) was excited by a 450-nm 

laser. The results are consistent with our previous analysis and prove that, in solid films, the 

photothermal conversion of the collectively aligned rods can be controlled by changing the laser 

polarization. Compared with previous efforts in exploiting the orientation-dependent optical 

properties of nanomaterials,[20b, 31] the magnetic-plasmonic hybrid structures and the magnetic 

alignment strategy presented in this work demonstrate significant advantages of fast, revisable, 

remote, and accurate control over the orientation and physical properties of the anisotropic 

nanostructures. 

To demonstrate the polarization-dependent actuation, we prepared a simple actuator using the 

different coefficients of thermal expansion (CTE) between polydimethylsiloxane (PDMS) and 

polyimide (PI).[32] There is a middle polyacrylamide (PAM) layer embedded with well-aligned 

Fe3O4/Ag rods, which serve as a photothermal converter (Figure 2a). This layer facilitates the 

magnetic alignment of hybrid nanorods during lithography because the polymerization of 

acrylamide occurs in an aqueous phase, where the hydrophilic rods can disperse well. Under 

laser irradiation, light energy is converted into heat by the embedded rods, which is 

simultaneously transferred to the neighboring PDMS and PI layers. Because PDMS has a much 

higher CTE than PI, the actuator exhibits a bending induced by higher volume expansion of 

PDMS. To verify the hypothesized polarization-modulated actuation, we prepared a two-leg 

actuator for parallel comparison. Fe3O4-Ag rods were aligned along the y- and x-axis in the right 

and left legs, respectively (Figure 2b). Under the irradiation of an x-polarized (|x><x|), 450-nm 

laser, only the transverse mode of the rods in the right leg is excited, producing selective bending 



(Figure 2c). Therefore, in the experiment, the right leg bent much more than did the left leg (top 

panel in Figure 2d). The bending angle after 20-s irradiation was ~3.5-fold higher (Figure 2e). 

When the actuating laser was z-polarized, the transverse mode of rods in both legs was excited, 

leading to similar temperature changes as well as the same degree of bending. The polarization-

selective actuation was further confirmed by the real-time angular velocity (ω) of the film 

actuators. Under the x-polarized light, ω of the right leg approached the maximum speed of ~8o/s 

and then decreased gradually until the equilibrium position (ω=0). In contrast, ω of the left leg 

exhibited relatively small magnitude under the same light illumination. If a z-polarized light was 

used, the magnitude and decay of ω were comparable in the two legs due to the simultaneous 

excitation of transverse modes. These results clearly show the excellent performance of the 

magnetic alignment strategy in achieving polarization-modulated actuation, which sets the stage 

ready for designing functional actuators and robots.   

Based on the two-leg structures, we further propose a bipedal robot to demonstrate the 

polarization-modulated, multi-directional locomotion (Figure S12, Supporting Information). In 

this design, Fe3O4/Ag rods were magnetically aligned along the z- and x-axis in the right and left 

legs, respectively (Figure 3a). This specific design enables flexible, selective, and on-demand 

actuation of the two legs to form synergistic locomotion of the robot by controlling the laser 

polarization. As illustrated in Figure 3b, forward robot walking can be directly achieved by 

switching the polarization between |x><x| and |z><z|. At |x><x|, only the rods’ transverse mode 

in the right leg was excited. Therefore, the right leg bends forward while the left leg, in principle, 

remains almost stationary (step I). Turning off the laser will terminate the photothermal 

conversion so that the right leg tends to recover its original plain form. Due to the specific shape 

of the feet, the right leg meanwhile experienced more friction than the left leg, which drives the 



first-step forward-movement (ΔLR) of the robot (step II). Similarly, when the robot was 

irradiated by z-polarized light, the rods in the left leg were excited, which selectively actuated 

the left leg (step III) and induced the second step of forward-movement (ΔLL) during the 

following relaxation (step IV). This consequence of events is directly confirmed by the pictures 

shown in Figure 3c and Supporting video 3. Switching laser from |x><x| to |z><z| actuated the 

right- and left-leg bending, which constitutes one cycle of forward-movement. A quantitative 

analysis of these actuation processes helps to correlate the local leg deformation with the robot 

locomotion. As shown in Figures 3d and 3e, the bending angle in the polarization-matched leg is 

~3 times higher than that in a nonmatched leg. The onset of laser on-off (25 s per cycle with 13 s 

and 12 s for light on and off, respectively) propels the robot forward at a step of ~1 mm and an 

apparent speed of ~2.8 mm/s. A continuous, steady forward movement can be implemented by 

switching between |x><x| and |z><z|, which is responsible for the alternating actuation of two 

legs. In Figure 3f, the real-time position mapping of the two legs suggests a linear alternating 

forward movement.  

With the same design principle, we further demonstrate the on-demand turning of the robot. 

Figure 4a illustrates the force analysis of turning locomotion under laser illumination. At |z><z|, 

the left leg experiences associated backward friction (fL) due to its forward bending. When 

approaching the photothermal equilibrium, the left-leg bending, to some extent, induces a weak 

bending in the right leg through the strengthened robot body. For releasing the bending strain, 

the right leg tends to move backward, thus creating forward friction (fR) that is opposite to and 

also weaker than fL. This pair force works simultaneously to create a counterclockwise torque (τL) 

so that the robot turns left (the top view in Figure 4b). Simply repeating the irradiation of z-

polarized light rotates the robot leftward gradually. One irradiation cycle produced ~15o rotation, 



with 3 and 6 cycles for 45o and 90o turning, respectively (Supporting Video 4). Similarly, if laser 

polarization was switched to |x><x|, there exists a clockwise torque (τR) (Figure 4c). The robot 

gradually rotated rightward with a step of 15o (Figure 4d and Supporting Video 5). Notably, 

turning leftward (Figure 4e) or rightward (Figure 4f) is continuously driven by z- or x-polarized 

laser irradiation (22 s per cycle with both 11 s for light on and off), respectively, which is 

different from the alternating onset of the two polarization in forward-movement. Such the 

bending-relaxation cycles correlate with the smooth turning of the robot at an apparent rate of 

~23 o/min (Figure 4g). The polar plot in Figure 4h is the real-time turning angle during the entire 

process and demonstrates that the robot can turn to a specific direction on demand by simply 

modulating the laser polarization and on-off switch.  

If the robot is continuously driven by an x-polarized laser, it is possible to make a U-turn that has 

a turning angle of 180o. This simple extension of turning operation provides an effective 

approach toward backward moving. The design of the U-turn of the robot is illustrated in Figure 

5a, with the same working principle as rightward turning. During 18 laser on-off cycles, we can 

observe a gradual change of robot heading from 0o to -45o, -90 o, -135 o, and finally -180o (Figure 

5b). The transition is steady and even with an apparent angular velocity of ~27o/min (Figure 5c). 

It is highly possible to further enhance this angular velocity by increasing laser power density. 

The U-turn can be better shown by the real-time trajectory mapping of the A-wing of the robot 

(Figure 5d). As the robot makes a U-turn, point A is expected to follow a semicircular path, 

which is also confirmed by the real-time position changes of point A in experimental 

measurements.  

In summary, we have developed a free-standing, multi-directional robot by simply modulating 

the polarization and on-off switch of a single laser. This new conceptual design is enabled by the 



confined growth of hybrid Fe3O4/Ag nanorods with a polymer shell. Due to the coupled 

magnetic-plasmonic anisotropy, the hybrid rods can be collectively aligned along specific 

directions in solution and solid film by applying a magnetic field. We have demonstrated that the 

plasmonic excitation and photothermal conversion properties of the nanorods can be modulated 

by magnetically controlling their orientation. Incorporating the nanorods into photo-curable 

polymers enables the construction of actuators whose mechanical bending can be controlled by 

switching laser polarization. By simply combining the polarization-dependent properties of 

hybrid nanorods into a bipedal robot, we have demonstrated the four fundamental movements of 

a robot. The unique properties of the magnetic/plasmonic hybrid nanorods enable the peculiar 

design of the bipedal robot, making it possible to overcome the restrictions on the existing photo-

actuators, such as the complicated actuation processes, high requirements for light sources, and 

limited actuation modes. The strategy of selective excitation of plasmonic modes by magnetic 

means can be used to create more functional materials and advanced devices, including not only 

next-generation self-sustained actuators and untethered robots but also high-performance 

colorimetric sensors, smart bioimaging contrast agents, active displays, and many other smart 

optical devices.  

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. a) TEM image of the hybrid Fe3O4/Ag@RF nanorods. b) The 3D reconstruction of the 

hybrid nanorods after electron tomography. c) Schematic illustration of the slicing of a hybrid 

Fe3O4-Ag nanorod in electron tomography. d) Horizontal slices at three vertical positions from 

the reconstructed tomogram of an individual hybrid rod.  e) Extinction spectra of hybrid 

nanorods in a colloidal dispersion by changing the magnetic field directions. The spectra were 

measured under polarized light. f) Temperature changes of the colloidal dispersion of hybrid 

nanorods under different magnetic field directions and 450-nm laser irradiation. g) Scheme 

showing the alignment of hybrid nanorods in polymer films for photothermal measurement. h) 

Temperature increases in the polymer films under 450-nm laser irradiation.  



 

Figure 2. a) Fabrication of the photothermal actuators and the polarization-dependent bending. b) 

Schematic illustration of the rod alignment in the photothermal robots. c) Schematic illustration 

of the selective actuation of the two legs of the robot by changing the polarization of a 450-nm 

laser. d) Photographs of the robot actuated by a x-polarized (up panel) and z-polarized laser 

(bottom panel). The real-time bending angle (e)  and angular velocity (f) of the two legs of the 

robot actuated under x-polarized and z-polarized laser.  

 



  

Figure 3. a) Schematic illustration of the rod alignment in the two legs of the robot. b) 

Schematic illustration of the step-to-step walking dynamics of the free-standing robot. c) 

Photographs showing the stepping of the robot during the cooperative actuation of the two legs 

by switching the polarization of the laser. The real-time bending angle (d) and moving distance 

(e) of the two legs. (f) The real-time position coordination of the middle point of the two legs.  



 

Figure 4. a) Schematic illustration of the left-turning mechanism and the force analysis of the 

free-standing robot when actuated by a z-polarized light. b) The photographs of the left-turning 

of the free-standing robot. The side view and the top view are shown in the up and bottom panels, 

respectively. c) Schematic illustration of the right-turning of the robot powered by the x-

polarized laser. d) The top-view photographs of the right-turning of the robot. The real-time 

bending angle of the two legs under (e) z-polarized and (f) x-polarized light.  g) The real-time 

turning angles of the robot. h) Polar plot of the turning angles of the robot. The insets show the 

definition of the tuning angles during right- and left-turning.  



 

Figure 5. a) Schematic illustration of the U-turn mechanism of the free-standing robot when 

actuated by a z-polarized light. b) The top-view photographs of the U-turn of the free-standing 

robot. c) The real-time turning angles of the robot. d) The real-time position coordinates of the 

point “A” in the U-turn of the robot. Reds arrow indicate the robot heading.  

 


