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SUMMARY

Many light-based technologies have been developed to manipulate micro/nano-
scale objects such as colloidal particles and biological cells for basic research and
practical applications. While most approaches such as optical tweezers are best
suited for manipulation of objects in fluidic environments, optical manipulation on
solid substrates has recently gained research interest for its advantages in construct-
ing, reconfiguring, or powering solid-state devices consisting of colloidal particles as
building blocks. Here, we review recent progress in optical technologies that enable
versatile manipulation and assembly of micro/nanoscale objects on solid substrates.
Diverse technologies based on distinct physical mechanisms, including photophore-
sis, photochemical isomerization, optothermal phase transition, optothermally
induced surface acoustic waves, and optothermal expansion, are discussed. We
conclude this review with our perspectives on the opportunities, challenges, and
future directions in optical manipulation and assembly on solid substrates.

INTRODUCTION

Precise manipulation of micro/nanoscale objects plays an important role in a variety of fields, such as micro-
robotics (Palima and Glickstad, 2013; Zhang et al., 2019), biomedical engineering (Ding et al., 2012, 2014;
Jiang et al.,, 2021; Zhong et al., 2019), and nanofabrication (Lin et al., 2017b; Ozin et al., 2009). Among the
different manipulation methods, such as microfluidic (Farahi et al., 2004), optical (Grier, 2003), acoustic
(Ding et al., 2012), electric (Fan et al., 2011), and magnetic manipulation (Snezhko and Aranson, 2011), op-
tical manipulation is appealing for its remote and noninvasive control of objects with nanoscale resolution
(Chen et al., 2022). For instance, optical tweezers use optical gradient forces to trap small objects with a
focused laser beam (Ashkin, 1970; Ashkin et al., 1986). Since first proposed by Ashkin in 1970, optical twee-
zers have been widely exploited to trap and manipulate synthetic particles, cells, viruses, and bacteria to
advance both fundamentals and applications in different fields (Ashkin, 1997; Ashkin and Dziedzic, 1987,
Ashkin et al., 1987; Grier, 2003; Marago et al., 2013). Many new approaches are developed to enhance
the performance and applicability of optical tweezers, such as plasmonic tweezers (Grigorenko et al.,
2008; Juan et al., 2011; Yang et al., 2021), optoelectronic tweezers (Chiou et al., 2005; Wu, 2011), and
optothermal tweezers (Li et al., 2018, 20213a; Lin et al., 2018). However, most of these optical manipulation
techniques operate in liquid environments where the targeted objects are suspended in solvents. The
liquid-phase operation poses a challenge for some applications such as directed assembly of micro/nano-
particle into solid-state functional structures and devices, which requires the precise arrangement and
immobilization of the particles on the solid substrates. The bottom-up approach is attractive in creating
designer materials and devices with their functions tailorable by both particle properties and inter-particle
interactions in the particle assemblies. Various optical printing methods have been developed for the
immobilization of colloidal particles on the substrates (Li et al., 2019b), such as plasmon-enhanced laser
printing (Nedev et al., 2011; Urban et al., 2010), optoelectric printing (Jamshidi et al., 2009), optothermal
printing (Lin et al., 2017a; Peng et al., 2018), photochemical printing (Walker et al., 2016), and bubble print-
ing (Lin et al., 2016). Nevertheless, optical printing of colloidal particles from the aqueous solutions onto
the substrates could be affected by the strong capillary force, which may cause the arrangement misalign-
ment or pattern collapse (Chini and Amirfazli, 2010; Ni et al., 2016). In addition, the Brownian motion of
small objects, especially nanoscale materials, in the colloidal suspensions can decrease the optical manip-
ulation precision (Do et al., 2013; Jones et al., 2018).

An alternative strategy to address these challenges is to manipulate objects and assemble functional struc-
tures on the solid substrate. However, in comparison to the free motion of colloidal particles suspended in
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liquid environments, the adhesion forces (e.g., van der Waals forces and electrostatic forces) between the
micro/nanoscale objects and the substrates are much stronger (Gu et al., 2016). In general, the adhesion
force for a micrometer-sized object on a solid surface could reach the scale of ~uN, which exceeds the
typical value of optical force in the scale of ~pN by a factor of >10° (Lu et al., 2019). Owing to the relatively
weaker driving forces, common optical techniques such as optical tweezers have difficulty in manipulating
micro/nanoscale objects in nonliquid environments. An atomic force microscope (AFM) can be used to
manipulate nanoparticles on a flat solid substrate (Junno et al., 1995; Requicha, 2003; Schaefer et al,,
1995, Wang et al., 2017). However, AFM uses a sharp tip to physically push the particle, which could result
in undesired particle deformation, tip break, and particle adhesion to the tip. In addition, AFM relies on the
same tip for both manipulation and imaging purposes, making the real-time tracking of the target objects
challenging (Kim et al., 2009). Other manipulation approaches based on acoustic waves (Shigematsu et al.,
2003) or piezoelectric actuation (Merry et al., 2010) have been demonstrated. However, these methods
require complex designs on the experimental configuration.

In this review, we highlight recent progress in using light to manipulate micro/nanoscale objects and
assemble them into desired patterns on solid substrates. The key to optical manipulation on the solid sub-
strate is the optical modulation of interfacial interactions between objects and substrates to reduce the
adhesion forces, which has been realized in multiple systems based on four types of working mechanisms.
First, photophoretic forces induced by optically heated air molecules provide the possibility to manipulate
objects under ambient conditions. Second, the rotation and translation of microparticles on azobenzene-
doped liquid crystal substrates are realized based on photochemical isomerization of the azobenzene mol-
ecules. Third, optical manipulation of liquid crystal elastomers and azobenzene crystals on solid substrates
is achieved through a photoinduced phase transition. Fourth, optothermal shape deformation of either the
object or the substrate is exploited to control the interfacial interactions for optical manipulation. Finally,
we provide our perspectives on existing challenges and future directions of optical manipulation and as-
sembly on solid substrates.

OPTICAL TECHNIQUES FOR MANIPULATION ON SOLID SUBSTRATES

Among many applications, precise manipulation of micro/nanoscale objects on the solid substrate is
instrumental in achieving new materials and devices with precisely controlled configurations and functions
(Liand Zheng, 2021). In this section, we discuss different optical manipulation techniques operated on solid
substrates, which are categorized based on their distinct physical mechanisms, including photophoresis,
photochemical isomerization, optothermal phase transition, optothermally induced surface acoustic waves
(SAWSs), and optothermal expansion.

Optical manipulation based on photophoresis

Firstly observed by the French physicist M. Tore around 1877, photophoresis denotes the movement of
light-absorbing objects in gaseous media (Rohatschek, 2000). Photophoretic forces stem from the collision
and momentum transfer between the surrounding gas molecules and the object (Gong et al., 2018). Gener-
ally, a net photophoretic force can exist when the object has a different surface temperature (T) or thermal
accommodation coefficient (a) at two sides, which can lead to different momentum changes during the
molecule-object collision (Jovanovic, 2009). With the existence of a temperature difference (AT) at the ob-
jectsurface, the gas molecules around the high-temperature side will exert a larger force on the object than
the low-temperature side, resulting in a net force toward the low-temperature side (Shvedov et al., 2010).
Alternatively, when one side of the object has a larger thermal accommodation coefficient than the other
side, the gas molecules will leave the surface with a higher average velocity after the collision, leading to
the net momentum transfer and a photophoretic force pointing to the side with a lower thermal accommo-
dation coefficient (Azadi et al., 2021). Photophoresis has been widely exploited for the manipulation of
light-absorbing objects, such as carbon spheres (Porfirev, 2019; Shvedov et al., 2009), carbon nanotube
clusters (Pan et al., 2012; Wang et al., 2016), and absorbing plates (Cortes et al., 2020).

In pursuit of photophoretic manipulation on solid substrates, Lu et al. achieved the controlled pulling and
pushing of a micrometer-sized gold plate on a tapered optical fiber by coordinating optical and photopho-
retic forces (Figure 1A) (Lu et al., 2017b). When the gold microplate approached the fiber tip, the outside
evanescent field became stronger due to the decreasing diameter of the fiber. Therefore, the light-induced
heating was more efficient in the front part of the gold plate, leading to a considerably higher temperature.
This temperature difference resulted in a photophoretic force that pulled the gold plate against the light
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Figure 1. Photophoretic manipulation on solid substrates
(A) Photophoretic pulling and pushing of a gold microplate on a tapered fiber in the ambient air.
(B) Optical images of a gold microplate moving back and forth on a fiber.

(C) Schematic showing the mechanism behind the photophoretic levitation force due to a difference in the thermal accommodation coefficient of top and

bottom surfaces.

(D) Scanning electron microscopic image of the structured carbon nanotube layer.

(E) Photophoretic levitation of a mylar film from the substrate.

Figures reproduced from: (A and B) (Lu et al., 2017b) Copyright 2017, American Physical Society; (D and E) (Azadi et al., 2021) Copyright 2021, American
Association for the Advancement of Science.

propagation direction. Along with the pulling of the gold plate, the optical force became larger while the
temperature difference became smaller, which made the photophoretic force more negligible. The total
light-induced force (photophoretic and optical forces) was negative near the fiber tip to pull the gold plate
to the light source and positive when the gold plate was away from the fiber tip to push it back. Thus, the
gold plate could exhibit a light-driven oscillation behavior on the fiber and move back and forth. Figure 1B
shows the optical images of a gold microplate being pulled and pushed along a tapered fiber guided by

supercontinuum light. The gold plated was optically manipulated at an average speed of ~30 um s~

Azadi et al. demonstrated the optical levitation of mylar thin films from a solid substrate through the photo-
phoretic force resulting from the difference of thermal accommodation coefficients (Azadi et al., 2021).
Only one side of the mylar film (bottom side) was coated with a carbon nanotube layer (Figure 1D). Subse-
quently, the nanostructured surface caused an increasing collision time between the film and the surround-
ing gas molecules, which led to a larger thermal accommodation coefficient compared to the uncoated
side (top side). Thus, the average leaving velocity of gas molecules after the collision was higher at the
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bottom side, resulting in a larger recoil and a net upward force (Figure 1C). This photophoretic lifting force
could levitate the mylar thin film from the solid substrate under a light intensity of 0.5 W cm =2 (Figure 1E).
This photophoretic levitation could be powered by a laser beam or sunlight, which showed great potential
for the development of microflyers to carry payloads for weather and climate applications.

Optical manipulation based on photochemical isomerization of molecules in liquid crystal
films

Liguid crystals are ordered soft materials consisting of self-organized molecules, and the orientation of the
molecules can be directed by external fields (Tamaoki, 2001). Depending on the type of alignment of the
molecules, liquid-crystalline phases can be divided into nematic, cholesteric (or chiral nematic), and smec-
tic mesophases. Cholesteric liquid crystals are characterized by a helical structure, where the chirality is
indicated by the sign and magnitude of the cholesteric pitch (Mitov, 2012). For the cholesteric liquid crystals
doped with chiral molecular motors, the pitch of the helix is dependent on the concentration and helical
twisting power of the molecular motors. Under light irradiation, photochemical isomerization of light-
driven molecular motors can alter the helicity of the liquid crystal molecules and result in a change in
the cholesteric pitch (Eelkema et al., 2006a). Figure 2A shows the rotational reorganization of the liquid
crystal film under ultraviolet (UV) irradiation. The lines of the polygonal texture exhibited a clockwise rota-
tion in response to the UV-induced isomerization of the molecular motors. The reorganization of the liquid
crystal film can generate a sufficiently large torque to achieve the rotation of microscale objects on the film
surface (Eelkema et al., 2006b). Typically, the microparticle (e.g., microrod) rotated in the same direction
following the rotation direction of the cholesteric texture (Figure 2B), which could be controlled by the
type of molecular motors and the isomerization processes (Browne and Feringa, 2006; Kausar et al.,
2011; Kim and Tamaoki, 2016).

Kausar et al. demonstrated the optical translation of polystyrene (PS) microspheres on an azobenzene-
doped liquid crystal film (Kausar et al., 2009). The azobenzene molecules undergo reversible trans-cisisom-
erization upon irradiation of light with different wavelengths. Under the asymmetric UV irradiation (365 nm),
a PS microparticle on the liquid crystal film moved consistently toward the irradiation position at a speed of
88 um min~" (Figure 2C). The PS particle moved to the opposite direction under visible light irradiation. The
directional particle motion was attributed to the reorientation of the liquid crystal molecules, the surface
energy gradient, or a combination of both effects, which were induced by the trans-cis isomerization of
the azobenzene molecules. The translation speed of the particle could be tuned by the light intensity or
the concentration of the doped azobenzene compound.

Optical manipulation based on shape deformation of objects

Inspired by soft animals, such as snails and earthworms, which can deform their bodies to navigate on com-
plex solid surfaces, scientists and engineers have proposed a similar strategy to enable optical manipula-
tion of target objects on the solid substrate via their light-induced shape deformation. For instance, liquid
crystalline elastomers (LCEs), which combine elastomeric properties with liquid crystalline orientational
order, can reversibly deform in response to external stimuli (Ikeda et al., 2007; Ohm et al., 2010). Zeng
et al. reported the light-driven locomotion of an LCE microstructure on the solid surface (Zeng et al.,
2015). Under 532 nm laser illumination, the intermediate optical heating of the LCE structure induced a
nematic-isotropic phase transition, leading to a contraction of ~20% (Figure 3A). With a chopped laser
beam, the LCE body exhibited contraction-expansion cycles following the laser modulation frequency.
The resultant elastomeric force could overcome the friction force to drive the walking of the LCE structure
on the substrate (Figure 3B). A steady walking direction remained challenging due to the strong friction
fluctuation, which could be overcome by the design of a grating surface. Light-driven LCE soft robots of
the millimeter-scale have also been developed (Gelebart et al.,, 2017; Jiang et al.,, 2019; Palagi et al.,
2016; Rogoz et al., 2016; Zeng et al., 2018).

Azobenzene-based crystals could exhibit a crystal-liquid phase transition induced by the photochemical
trans-cis isomerization (Ito et al., 2018; Kim et al., 2015; Paterson et al., 2016). Uchida et al. demonstrated
light-induced crawling of a 3,3'-dimethylazobenzene (DMAB) microcrystal on a glass surface (Uchida et al.,
2015). Under irradiation with UV (365 nm) and visible (465 nm) light from opposite incident directions (Fig-
ure 3C), the DMAB crystal moved away from the UV light and toward the visible light (Figure 3D). The UV
light irradiation facilitated the isomerization of azobenzene to cis-isomer and induced liquefaction, while
visible light resulted in the trans-isomer and crystallization. The liquefied portion of the crystal consisted
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Figure 2. Optical manipulation of microscale objects on liquid crystalline films driven by photochemical isomerization of the doped molecular
motors

(A) Optical images showing the rotational reorganization of a cholesteric liquid crystal film texture. The images were taken at 15 s intervals under irradiation
with 365 nm light. Black and yellow reference lines indicate the initial and rotated texture orientations, respectively.

(B) Optical images showing the rotation of a glass microrod on a liquid crystal film. The photos were taken at 15 s intervals under irradiation with 365 nm light.
Scale bars: 50 um.

(C) Schematic and optical images showing the translation of a PS microparticle on a liquid crystal film. Under irradiation with UV or visible light, the particle
moved toward or away from the irradiation side, respectively. The diameter of the PS particle was about 5 um. The intensity of UV and visible light was 45 mW
cm~2 and 65 mW cm 2, respectively.

Figures reproduced from: (A and B) (Eelkema et al., 2006a) Copyright 2006, American Chemical Society; (C) (Kausar et al., 2009) Copyright 2009, Wiley-VCH.

of a mixture of trans- and cis-isomers, where the isomer ratio depended on the position due to the spatially
uneven intensity ratio between UV and visible light. Therefore, a non-equilibrium condition occurred at the
front and rear edges of the crystal, leading to crystal growth and melting (Figure 3E). The overall phase tran-
sitions induced the motion of the crystal toward the visible light.

Shape deformation of objects can also be caused by optothermally induced SAWSs, which have been exploited
for optical navigation of plasmonic nanoobjects on solid substrates (Li et al., 2019a). Recently, Linghu et al. re-
ported light-induced crawling of gold nanowires (AuNWSs) on the silica microfiber (Linghu et al., 2021). When an
AuNW was excited by a pulsed 1,064 nm laser beam propagating along with the fiber, the surface plasmon po-
laritons produced abundant heat at the frontend of the AuUNW. This optical heating led to the formation of
SAWs and the resultant lattice expansion of the AuUNW. The SAWSs could drive the earthworm-like crawling mo-
tion of the AUNW based on the synergy of expansion, friction, and contraction. Specifically, the lattice expansion
at the frontend reduced the interfacial gap between the microfiber and the AuNW, which increased the friction
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Figure 3. Optical manipulation via the shape deformation of objects

(A) Optical images showing 20% contraction of the LCE by laser heating.

(B) Locomotion of the LCE microscopic walker on a glass substrate under chopped laser excitation. The size of the LCE walker is 60 pm.
(C) Schematic showing the light-induced crawling of the DMAB crystal.

(D) Optical images showing the position of a DMAB crystal before (top) and after (bottom) light irradiation for 2 min.

(E) Schematic showing the mechanism of the light-induced crystal motion.

(F) The working mechanism of the crawling of Au nanowires.

(G) A Au nanowire moving on a curved fiber.

(H) Transport of a Au nanowire from the left fiber to the right fiber.

Figures reproduced from: (A and B) (Zeng et al., 2015) Copyright 2015, Wiley-VCH; (C-E) (Uchida et al., 2015) Copyright 2015, Nature Publishing Group; (F-H)
(Linghu et al., 2021) Copyright 2021, Nature Publishing Group.

force. When the AUNW began to contract, it was pushed along the direction of light propagation (Figure 3F). In
contrast, the illumination of a 532 nm pulsed laser would not excite SAWs but rather induce a thermal expansion
at the backend of the AuNW, leading to the crawling of the AUNW along an opposite direction. The translation
of AuNWs on the arbitrarily shaped microfibers could be precisely controlled by the repetition rates of the
1,064 nm pulsed laser with a position accuracy of 0.56 nm (Figure 3G). Versatile on-chip manipulation of AuUNWs
was demonstrated, including selective actuation of individual AuUNWs and transport of AuNWs on different fi-
bers (Figure 3H). In addition to the translation of objects on an optical fiber, Qiu and coworkers further demon-
strated the complex rotation and actuation of Au microplate around the optical fibers based on optothermal
elastic waves (Lu et al., 20173, 2019; Tang et al., 2021).

Optical manipulation based on optothermal deformation of substrates

Optothermal deformation of the substrates presents another promising strategy to modify the interfacial
interactions between the substrates and the target objects, which has been exploited to overcome the
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Figure 4. Opto-thermomechanical printing of nanoparticles

(A) Schematic and force analysis for opto-thermomechanical printing of particles operated between two solid substrates,
i.e., donor substrate and receiver substrate.

(B) Simulated thermal expansion behavior of the PDMS film under optical heating of a 100 nm AuNP on the PDMS. Scale
bar: 500 nm.

(C) Optical and scanning electron microscopic images of a circular pattern printed with AuNPs of different sizes (100, 150,
and 200 nm). Scale bars: 1 um.

Figures reproduced from: (A-C) (Alam et al., 2020) Copyright 2020, American Chemical Society.

object-substrate adhesion force for optical manipulation. In this sub-section, we discuss both out-of-plane
and in-plane optical manipulation.

Opto-thermomechanical printing

The out-of-plane optical manipulation of colloidal nanoparticles on a solid substrate has been realized by
the light-induced thermal expansion of the substrate. Alam et al. reported opto-thermomechanical nano-
printing of nanoparticles with nanoscale accuracy operated between two solid substrates (Alam et al., 2020;
Alam and Zhao, 2018). The target nanoparticles were placed on a donor substrate with a large thermal
expansion coefficient, such as polydimethylsiloxane (PDMS). When the laser is off, the nanoparticle is
attached to the donor substrate via van der Waals forces (Figure 4A). Optothermal expansion of the sub-
strate can be achieved by optically heating light-absorbing particles (e.g., gold) or absorptive substrates.
As shown in Figure 4B, the optical heating of a gold nanoparticle (AuNP) resulted in the deformation of the
PDMS film and provided a strong thermal expansion force (Frg). The synergy of Frg and optical forces could
overcome the van der Waals adhesion force to nudge the AuNP toward another receiver substrate (Fig-
ure 4A). By optimizing the laser focus and the gap between two substrates, individual AuNPs could be
nudged away from the donor substrate and printed onto the receiver substrate with sub-100 nm accuracy,
as shown in the circular pattern of printed nanoparticles (Figure 4C). In addition, the printed nanoparticles
could be released for the correction of printing errors.

Optothermally gated photon nudging

The in-plane optical manipulation on solid substrates has been demonstrated by coordinating optother-
mal deformation of the substrate and the in-plane optical scattering forces. For instance, Fedoruk et al.
reported the optical nudging of gold nanoparticles inside the polyvinyl alcohol (PVA) film (Fedoruk et al.,
2011). The plasmon-enhanced optical heating of the AuNP resulted in the rapid melting of the PVA film,
after which the AuNP within the localized melting region was nudged by optical forces. However, this
manipulation was irreversible since the PVA film was thermally decomposed. Lately, Li et al. developed
optothermally gated photon nudging (OPN) technique to achieve reversible and noninvasive optical
manipulation of particles (Figure 5A) (Li et al., 2019¢). The key working principle of OPN is the use of
a thermoresponsive solid layer (e.g., cetyltrimethylammonium chloride (CTAC)) between the particle
and the substrate to optothermally modulate the particle-substrate interfacial interactions. Specifically,
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Figure 5. Optothermally gated photon nudging

(A) Schematic of OPN on a solid substrate.

(B) Working principle of OPN.

(C) Optical assembly of randomly dispersed silicon nanoparticles into a straight line with an average position error of 80 nm.

(D) Reconfigurable patterning of four 300 nm AuNPs. The dashed arrows show the reconfigurable patterning sequence.

(E) Schematic showing the assembly of reconfigurable chiral nanostructures via OPN.

(F) Circular differential scattering (CDS) spectra of left-handed (LH), achiral, and right-handed (RH) structures.

Figures reproduced from: (A-D) (Li et al., 2019¢) Copyright 2019, Nature Publishing Group; (E and F) (Li et al., 2021b) Copyright 2021, American Chemical
Society.

when the laser was off, the CTAC layer remained in the solid phase and the AuNP was immobilized on
the substrate by van der Waals forces. Under laser irradiation, the optical heating of the AuNP caused a
localized phase transition of the CTAC layer from the solid phase to a quasi-liquid structure. Thus, the
interfacial friction was considerably reduced, which allowed the AuNP to be nudged by optical scattering
forces (Figure 5B). OPN could be applied to manipulate particles of different materials (e.g., Au, Ag, and
silicon), sizes (sub-50 nm to a few micrometers), and shapes (spherical and anisotropic). By simply trans-
lating the substrate or steering the laser beam, colloidal particles could be nudged to any target posi-
tions at the nanoscale accuracy (Figure 5C). After the laser was turned off, the CTAC layer could recover
to its solid form to easily immobilize particles on the substrate. In addition, OPN enabled reversible
manipulation of colloidal particles and thus reconfigurable patterning of colloidal superstructures (Fig-
ure 5D). Li et al. further applied this technique to assemble reconfigurable chiral nanostructures using
a silicon nanowire and a silicon nanoparticle as the building blocks (Li et al., 2021b). The optical chirality
of the assembled nanostructures could be tailored on-demand by manipulating the silicon nanoparticle
along the silicon nanowire (Figures 5E and 5F), which served as a promising platform to develop active
chiroptical devices.

8 iScience 25, 104035, April 15, 2022



iScience ¢? CellPress
OPEN ACCESS

Table 1. Summary of the reviewed techniques for optical manipulation on solid substrates

General Manipulation Light Applicable Applicable
mechanism mode Specific mechanism source objects substrates References
Photophoresis Pulling and Photophoresis induced Fiber laser Light-absorbing Tapered fiber (Lu et al., 2017b)
pushing by temperature objects
difference
Levitation Photophoresis induced Laser or Light-absorbing Any (Azadi et al., 2021)
by the difference of sunlight objects
thermal accommodation
coefficient
Light-driven In-plane rotation Photothermal UV or Any Liquid (Eelkema et al., 2006a;
reorganization of and translation isomerization visible light crystal films Kausar et al., 2009)
liquid crystal films
Shape deformation ~ Crawling Optothermally induced Laser Liquid crystalline Any (Zeng et al., 2015)
of objects phase transition elastomers
Crawling Photothermal UV or Azobenzene-based Any (Uchida et al., 2015)
isomerization visible light  crystals
Crawling Optothermally induced Fiber laser Plasmonic Optical fiber (Lu et al., 2019;
surface acoustic waves nano-objects Linghu et al., 2021)
Shape deformation ~ Out-of-plane Optothermal expansion Laser Light-absorbing Substrates with  (Alam et al., 2020)
of substrates nudging objects large thermal
expansion
In-plane Optothermally Laser Objects with strong ~ Substrates with ~ (Li et al., 2019¢, 2021b)
nudging induced phase transition light scattering the thermally

induced solid-

liquid transition

CONCLUSION AND OUTLOOK

The state-of-the-art approaches discussed herein show that a variety of physical mechanisms can be ex-
ploited for optical manipulation and assembly of micro/nanoscale objects on solid substrates in nonliquid
environments. Versatile manipulation of the different objects has been demonstrated, including in-plane
rotation, crawling, and translation, as well as out-of-plane nudging and levitation (Table 1). In comparison
to the earlier works focusing on manipulating micro/nano-objects in liquid environments, optical manipu-
lation on solid substrates greatly extends the capability of optical tweezers and opens many new opportu-
nities in broad applications. Some possible directions include bottom-up assembly of functional materials
and devices such as optical waveguides (Gur et al., 2018), development of complex micro-gratings (Nedev
etal., 2011), assembly and reconfiguration of optical nanocircuits (Shi et al., 2014), and integration of topo-
logical nanodevices (Kruk et al., 2019). The capability to reversibly manipulate and assemble colloidal par-
ticles on solid substrates with light, along with in situ optical measurements, also leads to an ideal platform
for fundamental studies in a broad range of fields such as materials science, colloidal science, and nano-
photonics. Still, more efforts are needed to improve optical manipulation technologies on solid substrates.
On the one hand, many of the existing manipulation techniques are only applicable to specific objects or
working environments. For instance, photophoretic manipulation relies on the difference of temperature or
thermal accommodation coefficients, which requires the nonuniform light illumination or special sample
configuration (Azadi et al., 2021; Lu et al.,, 2017b). Similarly, for certain optical manipulation based on
photochemical isomerization, specific liquid-crystal substrates are required (Eelkema et al., 2006a). To
improve the applicability, a general optical technique that can manipulate all kinds of materials on any solid
substrates is highly preferred. Optical manipulation of objects on solid substrates based on shape defor-
mation is more general since many physical mechanisms can be exploited, such as optothermal deforma-
tion and surface acoustic waves. However, in comparison to optical manipulation in liquids, current optical
manipulation methods on solid substrates suffer from relatively low efficiency and speed (Li et al., 2019¢;
Linghuetal., 2021; Uchida et al., 2015). One would explore new working mechanisms and advanced optical
engineering (e.g., use of spatial light modulators for parallel manipulation) to improve the manipulation
and assembly throughput. With the continuous efforts from researchers in multidisciplinary fields, we are
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optimistic that the evolution of optical manipulation from liquid to solid environments will lead to broader

impacts.
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