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Abstract 

Diverse natural organisms possess stimulus-responsive structures to adapt to the surrounding 

environment. Inspired by nature, researchers have developed various smart stimulus-responsive 

structures with adjustable properties and functions to address the demands of ever-changing 

application environments that are becoming more intricate. Among many fabrication methods for 

stimulus-responsive structures, femtosecond laser direct writing (FsLDW) has received increasing 

attention because of its high precision, simplicity, true three-dimensional machining ability, and 

wide applicability to almost all materials. This paper systematically outlines state-of-the-art 

research on stimulus-responsive structures prepared by FsLDW. Based on the introduction of 

femtosecond laser-matter interaction and mainstream FsLDW-based manufacturing strategies, 

different stimulating factors that can trigger structural responses of prepared intelligent structures, 

such as magnetic field, light, temperature, pH, and humidity, are emphatically summarized. 

Various applications of functional structures with stimuli-responsive dynamic behaviors fabricated 

by FsLDW, as well as the present obstacles and forthcoming development opportunities, are 

discussed.   

Keywords: stimulus-responsive structures, femtosecond laser direct writing, laser-matter interaction, multifunctionality 

 

1. Introduction 

In the natural world, numerous creatures have developed and 

formed diverse stimulus-responsive structures to adapt to 

different environments for better survival conditions. 

Honeybees can dynamically control their glossal surface and 

wettability regulated by erectable glossal hairs during foraging 

activities, which can reduce the energy consumption for 

impelling nectar and improve the nectar-trapping volume [1]. 

Chameleons can rapidly change their body colors with 

changes in the environment, which is beneficial for 

camouflage and predation [2]. For plants, pine cones, chiral 

pods, and wheat awns can be actuated by swelling or shrinking 

for the dispersal of seeds in response to variations in 

surrounding humidity [3-5]. Mimosa can generate closing 

motion immediately when its leaves are subjected to external 

touch [6]. Sunflowers are sensitive to light stimuli and always 

change their positions to face normal to the sun throughout the 

day [7]. Drawing inspiration from nature, researchers have 

made continuous efforts to prepare stimulus-responsive 

structures with tunable characteristics and advanced 

functionalities to fulfill the requirements of complicated and 

variable application scenarios and multifunction integration. 

These smart structures enabling controllable shape or phase 

changes upon various chemical and physical stimuli can be 

widely applied in diverse fields, e.g., stimulus-responsive 

swelling and shrinking for cell culture/manipulation and 

precise disease treatment [8-10], stimulus-responsive 

reversible wettability switching for liquid transport, oil/water 

separation and bioinspired adhesives [11-13], and stimulus-

responsive bending/crawling/locomotion for various robotics 

[14, 15]. In one very interesting example, cone-shaped hollow 

microhelices with excellent locomotion abilities were flexibly 
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fabricated and utilized for accomplishing nanocargo 

loading/release and targeted neural stem cell delivery under 

external magnetic field excitation [16]. Apart from humidity, 

stress, light, and magnetic field, other external stimulants, 

such as electric field, pH, and temperature, have also been 

exploited to trigger modifications in the form and/or 

characteristics and other dynamic behaviors of stimuli-

responsive structures [17-19]. 

Under the background of continuous deepening of 

fundamental research and growing need for intelligent 

applications, versatile artificial structures with intelligent 

response capabilities have aroused extensive attention. In the 

last few years, the most promising stimuli-responsive 

structures with multiple customized functions have been made 

from shape memory polymers (SMPs) [20, 21], liquid crystal 

(LC) polymeric materials [22, 23], hydrogels [24, 25], and 

tailored composite materials [26], among others. Furthermore, 

various manufacturing methods have been devised to prepare 

these intelligent structures with favorable characteristics of 

fast responses to external stimuli, such as fused deposition 

modeling, stereolithography, direct ink writing, digital light 

processing, electrospinning, and selective laser sintering [22, 

27-35]. However, these fabrication techniques are subject to 

inherent limitations, including poor material applicability, low 

resolution, poor biocompatibility, complicated multiple 

processing steps, restrictions in surface design, and difficulty 

in fabricating three-dimensional (3D) structures with 

sophisticated morphologies. For example, the dependence on 

melting and cooling processes makes the use of the fused 

deposition modeling method suitable only for thermoplastic 

polymers. The direct ink writing strategy is restricted in 

geometric complexity and relies on fast solidifying 

viscoelastic inks that do not easily deform or collapse [28]. 

Nowadays, there is a growing interest in the development of 

stimuli-responsive micro/nano functional devices that exhibit 

highly integrated structures and customized multiple 

functionalities. In comparison to traditional macroscale 

stimuli-responsive structures, the micro/nano counterparts 

offer several advantages, including superior precision, 

sensitivity, rapid response, high integration, versatile 

functionality, and compact size. Additionally, they often 

feature complex and multi-material spatial microstructures. 

These micro/nano functional devices play a crucial role in 

cutting-edge research areas such as materials science, 

nanotechnology, biotechnology, as well as in various 

industrial and commercial applications including 

microelectronics, microelectromechanical systems, 

micro/nano optics, lab-on-a-chip devices, and biomedical 

diagnostics [27, 36-41]. However, conventional 

manufacturing technologies are no longer adequate to meet the 

demands of highly integrated and precise manufacturing 

required for reliable and high-performance micro/nanoscale 

devices with desired stimuli-responsiveness and quality. The 

fabrication of these structures presents significant challenges 

in terms of exceptional precision, quality assurance, 

integration of multiple materials, compatibility, and 

scalability. With the rapid development of ultrafast laser 

systems, femtosecond (10-15 s) laser direct writing (FsLDW) 

technique has arisen as an attractive and promising 

manufacturing tool for the fabrication of smart and 

multifunctional stimulus-responsive structures owing to its 

distinct benefits of high spatial precision and accuracy, 

simplicity, surface and volume machining capability, mask-

free processing, true 3D manufacturing capability, and wide 

applicability to almost all materials. The ultrashort pulse 

duration and immensely high peak intensity of femtosecond 

laser bring unprecedented physical conditions for modern 

extreme manufacturing and scientific experimental research 

[42-48]. FsLDW technology can promote the flexible and 

efficient manufacturing of well-designed structures with on-

demand stimulus-responsive behaviors, thus further 

facilitating current tendencies of miniaturization, 

functionalization, integration, and ultimate practical 

application of these intelligent structures in diverse fields such 

as microfluidics [49-51], optics [52-54], robotics [55], and 

biomedical engineering [10, 56, 57]. 

In this review, we outline the recent progress of FsLDW 

technology in the manufacturing of smart stimulus-responsive 

structures (Figure 1). Firstly, the basic principles of 

femtosecond laser interaction with different types of materials 

as well as the commonly used FsLDW-based fabrication 

strategies are introduced. Then, we present various functional 

stimulus-responsive structures fabricated by using FsLDW 

technology, such as magnetic-responsive structures, light-

responsive structures, temperature-responsive structures, pH-

responsive structures, and humidity-responsive structures. 

Subsequently, versatile applications of these intelligent 

structures with different stimulus-sensitive behaviors are 

highlighted and discussed. In the end, current limitations and 

challenges along with future perspectives of FsLDW-based 

stimulus-responsive structures are shared. 

2. Principles and strategies of FsLDW 

To effectively fabricate desired stimulus-responsive structures 

with the required resolution and functionalities based on 

FsLDW technology, it is necessary to figure out the basic 

physical mechanisms and processing strategies. 

2.1. Interaction principles between the femtosecond 

laser and matter 

Because the pulse width of femtosecond laser is exceedingly 

brief, it can reach incredibly high peak power and energy 

density (> 1014 W·cm-2) at lower pulse energy after focusing. 

The processing mechanism of FsLDW differs from that of 

conventional long pulse lasers and continuous lasers. It 
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possesses the benefits of a small heat-affected region, high 

processing accuracy beyond the optical diffraction limit, true 

3D processing ability and the ability to process almost any 

material. When a femtosecond laser interacts with various 

materials, there will be complicated nonlinear physical effects 

such as multiphoton absorption, nonequilibrium thermal 

relaxation, Coulomb explosion, avalanche ionization, and 

multiphoton ionization [58-60]. The interaction process of 

femtosecond laser with metallic and nonmetallic materials 

will be classified and described below.

 

Figure 1. Schematic illustration of functional stimulus-responsive structures fabricated by femtosecond laser direct writing. 

2.1.1. Interaction between the femtosecond laser and 

metallic materials. Metals possess plentiful free electrons, 

which can absorb energy from photons and be heated when 

interacting with a femtosecond laser. Then, the heated free 

electrons impact with other electrons, transmitting energy 

between them. The increasing electrons that are heated can 

amplify interplay between the electrons and the lattice, 

culminating in the heating of the lattice. Upon heating the 

lattice to a sufficiently high temperature, melting and ablation 

can occur in the metallic material at the time scale of 

picosecond (10−12 s) to nanosecond (10−9 s). A variety of 

mechanisms [61], including evaporation [62, 63], phase 

explosion [64, 65], and fragmentation[66, 67], can lead to the 

laser ablation. According to the time evolution, the process of 

interaction between metal and femtosecond laser involves 

excitation of light and electron heating, coupling and 

relaxation of electron-phonon energy, and removal of material 

[68, 69]. Electrons typically require several hundred 

femtoseconds to achieve thermal equilibrium after absorbing 

laser energy. However, the transfer of energy from the 

electronic system to the lattice generally takes around 1 to 100 

picoseconds, which is significantly greater compared to the 

time required for electrons to reach a thermo-equilibrium state 

[69]. Therefore, the energy change of the electron and lattice 

during femtosecond laser irradiation can be regarded as a 

nonequilibrium process capable of greatly diminishing the  

area of the heat-affected region formed [42, 70]. Researchers 

have put forward various hypotheses and frameworks to 

elucidate the ways in which ultrafast lasers interact with 

metallic materials. For example, Liu and coworkers 

introduced the ablation threshold theory [71], which holds that 

the minimum required laser energy must be guaranteed to 

achieve material removal and processing [72]. During the 

process of femtosecond laser-metal interaction, electrons and 

lattice can be analyzed as two independent systems. Anisimov 

et al. proposed a classic two-temperature model of 

femtosecond laser-metal interaction based on a one-

dimensional unsteady heat conduction equation in 1974, 

which considers the complex interactions between photons 

and electrons and between electrons and the lattice [73]. With 

the development of related research fields, the classical two-

temperature model has been optimized. In 2005, Jiang et al. 
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introduced an enhanced two-temperature model, which solved 

the problem that the classical model cannot accurately depict 

the interaction between ultrafast lasers and metals at high laser 

fluences. They used full-scale quantum calculations to 

determine the paramount parameters, such as electron 

relaxation time, conductivity, and heat capacity, which 

expands the application range of the two-temperature model 

and improves the accuracy to theoretically predict the ablation 

threshold for the interaction between femtosecond laser and 

gold film [74]. Researchers have also begun to investigate the 

process of interaction between materials and femtosecond 

lasers by combining the molecular dynamics model with the 

two-temperature model. The molecular dynamics model can 

directly describe the particles movement on the nanoscale and 

can be utilized for elucidating the mechanism of lattice phase 

transition during the femtosecond laser-matter interaction [75-

77]. 

2.1.2. Interaction between the femtosecond laser and 

nonmetallic materials. Nonmetallic materials have 

significantly fewer free electrons compared to metal materials. 

The electron density and conductivity of nonmetallic materials 

in the conduction band are usually low, and the majority of 

electrons are confined to the valence band. When matter is 

exposed to a femtosecond laser, the initial event involves the 

electrons absorbing photon energy. For metals, the primary 

absorption mechanism is linear absorption, while for 

nonmetallic materials such as dielectrics and semiconductors, 

non-linear absorption plays a more predominant role [78]. The 

first stage of the interaction between nonmetallic materials and 

femtosecond lasers can be broadly conceptualized as initiating 

with the generation of a sufficient number of free electrons 

through photoexcitation. For a semiconductor with a narrow 

bandgap smaller than the photon energy, a single photon 

absorption is sufficient to directly excite valence band 

electrons to the conduction band [79]. However, for the wide-

bandgap semiconductors and dielectrics, the energy of the 

bandgap exceeds the photon energy (Figure 2). In this case, 

the generation of free electrons is mainly attributed to the 

combined mechanisms of multiphoton ionization, tunnel 

ionization, and avalanche ionization. Multiphoton ionization 

is the phenomenon wherein valence band electrons absorb the 

collective energy of multiple photons, facilitating the valence 

band electrons to be excited into the conduction band and 

become free electrons [71, 80, 81]. Tunnel ionization is a 

quantum mechanical process and plays a key role in 

femtosecond laser-matter interaction. The strong electric field 

generated by the ultrashort femtosecond laser pulses allows 

electrons to tunnel through the energy barrier around the 

nucleus, leading to their escape from the atom or molecule and 

resulting in ionization and turning into free electrons [59, 82]. 

Tunnel ionization and multiphoton ionization engage in a 

competitive relationship, and which one is dominant can be 

determined by Keldysh parameter [59]. Upon absorption of 

photon energy, low-energy free electrons undergo a 

transformation into high-energy counterparts within the 

conduction band, assuming the role of seed electrons. Seed 

electrons possess considerable kinetic energy and can interact 

with electrons in the valence band. Hence, two low-energy 

free electrons will be produced after the collision between a 

seed electron and a valence electron, which can also absorb 

the energy of photons, and then impact and ionize again. This 

process can undergo repeated iterations, giving rise to a 

cascade effect akin to an avalanche, known as avalanche 

ionization [58, 80]. Multiphoton ionization and tunnel 

ionization can provide the initial seed electrons for avalanche 

ionization (Figure 3). As for the most solid nonmetallic 

materials, the following stage after the femtosecond laser 

photoexcitation is phase transition. After the first stage, there 

is a gradual accumulation of free electrons within the material, 

leading to energy transfer to the lattice. The interaction 

between these free electrons and the lattice can potentially 

induce a phase transition and material removal through 

melting, gasification, Coulomb explosion, and electrostatic 

ablation [60, 83]. 

 

Figure 2. Schematics showing the process of electron 

excitation. (a) Single-photon absorption. (b) Multi-photon 

absorption. Reproduced from [43]. CC BY 3.0. Copyright © 

2019 The Author. 

The mechanism of the femtosecond laser-nonmetallic 

material interaction can undergo variations when utilizing 

photopolymer materials for micro/nanostructure fabrication. 

This process primarily relies on the photopolymerization, 

involving the bonding reaction of monomers and oligomers. 

The comprehensive process primarily encompasses the 

generation of free radicals and subsequent cross-linking of 

monomers/oligomers initiated by the free radicals [38, 84-86]. 

Photoinitiators are commonly employed to initiate the 

photopolymerization reactions, which exhibit sensitivity to 

UV/visible light and can experience a transformation that 

generates reactive species such as free radicals and photoacids 

upon light absorption [87-89]. The excitation of an electron in 

a valence band from the ground state to higher energy levels 

can occur through multiple photon absorption. When 

photoinitiator molecules simultaneously absorb the energy of 

Single-photon absorption Multi-photon absorption

Bandgap Eg

Conduction band

Valence band

Virtual state

hv ≥ Eg

(a) (b)

hv < Eg

hv < Eg
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two or more photons, they experience electronic transitions, 

leading to their excitation from the ground state to the excited 

singlet state. Subsequently, via intersystem crossing, they 

transition to the triplet state, resulting in the formation of free 

radicals. Apart from the multiple photon absorption, the 

electron can acquire sufficient energy through multiphoton 

ionization to surpass the ionization threshold, leading to its 

separation from the valence shell of photoinitiator or monomer 

molecules, following the phenomenon of avalanche ionization 

and free-radicals generation [38, 85]. It is worth noting that 

 
 

Figure 3. Schematic illustrations showing photoionization processes. (a) Multiphoton ionization. (b) Combination of 

multiphoton ionization and tunnel ionization. (c) Tunnel ionization. (d) Avalanche ionization.  Reproduced from [81]. CC BY 

4.0. Copyright © 2017 The Authors.   

 

multiphoton ionization and multiple photon absorption can 

occur concurrently, representing parallel processes that 

compete with each other. The manner in which 

photoexcitation occurs is contingent upon the band gap of the 

photopolymer, which can be modulated through the utilization 

of photoinitiators. Additionally, the selection of laser 

parameters, encompassing pulse duration, laser central 

wavelength, pulse repetition rate, and photon beam density, 

further governs the process of photoexcitation [85, 90, 91]. 

Following the generation of free radicals, the polymerization 

reaction is initiated, leading to the formation of a cross-linked 

network of monomers or oligomers, ultimately yielding the 

creation of polymerized voxels, which serve as the primary 

microstructure building units [92, 93]. Interestingly, the 

polymerization reaction process is usually accompanied by a 

quenching effect, which hinders the progress of 

polymerization. It is crucial to employ an appropriate laser 

exposure dose, determined by laser power and exposure time, 

to ensure that the production of free radicals surpasses the 

quenching effect, providing an adequate supply for 

polymerization reactions to take place. Furthermore, it is 

noteworthy that photopolymer materials possess not only a 

polymerization threshold but also a distinct damage threshold. 

Excessive exposure dose during processing can result in local 

overheating, leading to micro-explosions and material damage. 

Therefore, it is essential to select laser parameters within the 

range of the polymerization threshold and the damage 

threshold [94-98]. Commonly employed photopolymers can 

be formulated by utilizing readily available materials such as 

epoxies, acrylates, and hydrogels. To impart additional 

stimuli-responsiveness and multifunctionalities, these 

photopolymer materials are often supplemented with 

appropriate dopants, including magnetic nanoparticles, 

organic dyes, and carbon nanomaterials, thereby facilitating 

the production of tailored composite materials [99-102]. 

2.2. Manufacturing strategies of FsLDW 

In addition to the development of femtosecond laser-matter 

interaction mechanisms, many feasible manufacturing 

strategies at diverse scales based on FsLDW have been 

proposed.  

2.2.1. Femtosecond laser two-photon polymerization. 
Since Kawata  and coauthors made a significant breakthrough 

by reporting the fabrication of microbull sculptures with an 

impressive spatial resolution of 120 nm in 2001, two-photon 

polymerization possessing good material penetration and 

spatial selectivity has become one of the most widely used 

technologies to fabricate 3D micro/nanoscale devices in 

polymers (Figure 4(a) and (b)) [103]. Generally, the typical  

Multiphoton

ionization Intermediate Tunneling Free carrier

absorption

Impact

ionization

(a) (b) (c) (d)
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Figure 4. Femtosecond laser two-photon polymerization and the fabricated typical structures. (a) Schematics and working 

principle. Reproduced from [104]. CC BY 4.0. Copyright © 2022 The Authors.  (b) Microbull sculptures. Reprinted by 

permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature [103], Copyright (2001). (c) Spiral 

architectures. [105]  John Wiley & Sons. © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Various conductive 

and bioactive microstructures. [106] John Wiley & Sons. © 2022 Wiley-VCH GmbH.

two-photon polymerization process involves the requirement 

for the target transparent photosensitive materials to 

synchronously absorb two or more photons to obtain enough 

photon energy, which is regulated by a transient virtual 

transition state characterized by an exceedingly brief duration 

within the femtosecond range. Following the occurrence of 

two-photon absorption, which is a third-order nonlinear 

optical process arising from the interaction between the 

material and the femtosecond laser's light, the molecules of the 

target material can present high energy states. Two-photon 

polymerization only occurs near the focus of the laser with 

high laser intensity, which can localize a large number of 

photons in a tiny focusing area. Furthermore, lasers with 

longer wavelengths and lower energy are generally selected 

for two-photon polymerization processing. In this case, single-

photon polymerization cannot occur at the unfocused position 

of the femtosecond laser. Thus, the photopolymerization 

reactions of monomers and photoinitiator molecules can only 

be induced at the laser focus without impact on other positions. 

Through precise control of either the laser focus or the 

sample's relative movement, the target materials can gradually 

polymerize along the focus scanning path, which can realize 

the fabrication of intricate micro/nanoscale structures with 

arbitrary morphology and resolution less than the applied 

diffraction limit in a maskless and facile process [86, 104, 107-

111]. Micro/nanostructure fabrication through the principle of 

two-photon or multiphoton polymerization using a 

femtosecond laser represents an advanced processing 

technology for photosensitive polymers, which synergistically 

integrates the versatility of 3D printing with exceptional 

resolution of photolithography technology and holds great 

potential for the precision manufacturing of micro/nano-

architectures with customized and complicated constructs 

[103, 112, 113]. The desired micro/nano-structures are 

typically fabricated using photoresists whose ingredients 

include photoinitiators for generating free radicals after 

excitation, monomers or oligomers acting as the fundamental 

structural framework, and cross-linkers responsible for 

guaranteeing insolubility in developing solvents. For instance, 

Seet and colleagues demonstrated the preparation of photonic 

crystals with square and circular 3D spiral architectures using 

SU-8 photoresist and femtosecond laser two-photon 

polymerization strategy (Figure 4(c)), showing characteristics 

of photonic stop-gaps at infrared wavelengths [105]. Tian and 

collaborators fabricated the microlens array with different 

curvature unit lenses using the commercial negative 

photoresist SU-8 , which possessed unique imaging and focus 

capabilities and can be applied to improve the optical system 

performance of field curvature correction and real-time 3D 

imaging [114]. In addition to photopolymers, microstructured 
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metals, metal oxides, carbon materials, proteins, and 

composite materials have been easily prepared through two-

photon or multiphoton polymerization processes [106, 115-

117]. For instance, Dadras et al. manufactured various 3D 

organic semiconductor composite microstructures and 

microelectronic devices by using newly developed 

photosensitive resin doped with organic semiconductor 

materials (Figure 4(d)) [106]. Moreover, many smart and 

responsive materials have been developed for the fabrication 

of stimulus-responsive structures based on femtosecond laser 

two-photon polymerization. Functional groups in monomers, 

nanoparticle dopants, or appropriate surface modifications can 

make the prepared structures respond to various external 

stimuli [118-121]. 

 

Figure 5. Femtosecond laser processing on the surface of solid material. (a) Schematic diagram. Reproduced from [122] with 

permission from the Royal Society of Chemistry. (b) LIPSS structures produced on different substrates. Reprinted from [123], 

Copyright (2013), with permission from Elsevier. (c) Microhole arrays. Reproduced with permission from [124]. Copyright 

2017, Royal Society of Chemistry. (d) Slant microwall arrays. [125] John Wiley & Sons. © 2020 Wiley-VCH GmbH.

2.2.2. Femtosecond laser processing on the surface of 

solid material. When the used laser energy density is slightly 

higher than the solid material energy threshold, the laser-

induced periodic structures (LIPSS) can be generated on the 

material surface (Figure 5). Since the pioneering work of 

Birnbaum et al. in 1965, the formation of LIPSS has been 

observed on various materials, such as semiconductors, metals, 

and dielectric materials, when exposed to laser irradiation 

[126-130]. It is believed that the generation mechanisms of the 

LIPSS of different materials using ultrashort pulse lasers are 

different, which mainly include scattered light interference 

theory, surface plasmon polariton theory, self-organization 

theory, and evanescent wave theory [131-134]. Diverse laser 

parameters, including laser power, pulse number, pulse width, 

repetition frequency, laser polarization direction, incident 

laser wavelength, incident angle, and focusing position, can 

affect the generation of periodic structures on the surface of 

solid materials [135-137]. Moreover, the morphologies of 

LIPSS can also be influenced by the material properties and 

environments. Albu et al. used femtosecond lasers with 

different wavelengths to process titanium/chromium/tungsten 

(Ti/Cr/W) in air and liquid environments (Figure 5(b)), and 

found that structures periods formed in liquids were much 

smaller than those formed in air [123]. The generation of 

micro/nano periodic surface structures through femtosecond 

laser irradiation has a profound impact on the surface 

properties of materials. These structures can significantly alter 

characteristics such as friction, wettability, and optical 

behavior, which hold immense promise for a wide range of 

applications across various fields such as national defense, 

biochemistry, and high-end manufacturing [138-140]. For 

example, Jiang et al. used a copper foil template with LIPSS 

and a template-directed chemical vapor deposition method to 

fabricate hierarchically structured few-layer graphene films 

with superhydrophobicity and beautiful structural color [141]. 

When the laser energy surpasses the damage threshold of the 

solid material, direct ablation of the material surface occurs. 

In this circumstance, the target material can be converted into 
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vapor and plasma near the focal point and be removed. 

Moreover, some nanoparticles and micro/nano debris can be 

generated, which can increase the surface roughness. Various 

microscale structures, such as microholes, micropillars, and 

microgrooves, can be manufactured by using this technology 

[51, 122, 125, 142-144]. For example, Zhang and coworkers 

designed a Janus oil barrel with controllable microhole arrays 

fabricated by femtosecond laser drilling (Figure 5(c)), which 

exhibited the capability for spontaneous absorption and 

storage of spilled oil with high flux [124]. Sohn et al. 

fabricated periodic microgratings and micropillars on the 

surface of fused silica glass through irradiating with a 

femtosecond laser beam, and then obtained different 

microlens arrays by several laser polishing cycles [145]. Wu 

et al. prepared the slant microwall arrays using one-step 

femtosecond laser oblique ablation (Figure 5(d)), which can 

be used for high-performance droplet manipulation [125]. 

2.2.3. Femtosecond laser modification processing inside 

solid material. One significant benefit of employing 

ultrashort pulses is the ability to regulate the thermal impact 

of light-matter interactions. Furthermore, the interaction 

between the femtosecond laser and materials can exhibit 

nonlinearity, which indicates that materials transparent to the 

incident wavelength, such as glass and related transparent 

dielectrics, can be processed for creating intricate and 

arbitrary free-form 3D micro/nanoscale structures [146]. 

Usually, the femtosecond laser beam is precisely focused into 

the bulk of solid material samples using a microscopic 

objective to realize on-demand localized modifications and 

precise fabrications (Figure 6(a)). The processing results are 

greatly affected by the energy density at the laser focus and  

 

Figure 6. Femtosecond laser modification processing inside solid material. (a) Fabrication schematic. [147] John & Sons. © 

2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (b) Schematic of the braiding structure and cross section photos 

of produced waveguides. Reprinted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, 

Nature Photonics [148], Copyright (2022). (c) Schematic of the fabrication of the 3D nonlinear photonic crystal. (d) Image of 

the nonlinear photonic crystal structure showing the first two layers.  Reproduced with permission from Springer Nature 

Customer Service Centre GmbH: Springer Nature, Nature Photonics [149], Copyright (2018).

the damage threshold of the material. Under conditions where 

the laser energy density at the focal point remains below the 

material's damage threshold, a color center can be generated 

[150]. When the pulse energy at the laser focus approaches or 

Cross-section

Waveguide S

Waveguide A

Waveguide B

W
aveguid

e X

Glass

A

A
B

B

S

S

Waveguides

Femtosecond

laser

Cross-sectional
sketch

(b)

S

S

X
X

A B

A B

(a)

(d)

22 μm

14 μm
14 μm

(c)

z

y
x

z
y

x

z

y

x

Laser erasing of

nonlinearity

Page 8 of 42

https://mc04.manuscriptcentral.com/ijem-caep

International Journal of Extreme Manufacturing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



For Review Only

Journal XX (XXXX) XXXXXX Author et al  

9 
 

slightly exceeds the material damage threshold, modifications 

of the refractive index can be induced in the material, which 

can be categorized into refractive index increase modification 

and refractive index decrease modification depending on used 

laser irradiation parameters and material characteristics. The 

femtosecond laser-induced internal refractive index change 

can be used to construct 3D optical microcomponents 

including optical waveguides and optical couplers [147, 151-

156]. In cases where the energy at the laser focus significantly 

exceeds the material's damage threshold, microcavities or 

microcracks can be generated at the focus, which is generally 

accompanied by relatively violent phase and structural 

changes [42, 157, 158]. Since the energy density at the focus 

point of the tightly focused ultrashort pulse laser is extremely 

high and the nonlinear interaction with the material only 

occurs on a very small scale, the processing resolution is great, 

which is suitable for manufacturing 3D complex 

micro/nanostructures in transparent solid materials including 

glass and crystals [42, 159, 160]. For example, Wolf and 

colleagues introduced a novel fabrication approach for the 

point-by-point femtosecond inscription of fiber Bragg grating 

arrays with diverse configurations within seven-core spun 

optical fibers [161]. Zhang and colleagues manufactured a 

photonic chip composed of three straight waveguides and a 

curved waveguide in boroaluminosilicate glass through 

FsLDW (Figure 6(b)), which could be used for two-mode 

photonic braiding [148]. Wei et al. fabricated a 3D nonlinear 

photonic crystal in lithium niobate using a selective 

femtosecond laser erasing technique (Figure 6(c) and (d)), 

which shows great potential in nonlinear imaging, nonlinear 

beam shaping, and 3D nonlinear holography [149]. 

2.2.4. Hybrid FsLDW fabrication technology. Apart from 

the FsLDW technologies mentioned above, hybrid processing 

techniques integrating FsLDW with other manufacturing 

strategies have also attracted wide attention, such as etching-

assisted femtosecond laser micromachining, femtosecond 

laser-induced plasma-assisted ablation (LIPAA), and 

FsLDW-based soft transfer [43, 44, 162, 163]. By combining 

FsLDW technology and wet/dry etching technology, well-

designed structures with high accuracy and great surface 

roughness can be obtained. The femtosecond-laser-induced 

phase and structural modifications can enhance the etch rate 

inside the transparent hard materials, which can facilitate the 

matter removal from the modified region during subsequent 

etching processes [164-166]. The etching-assisted 

femtosecond laser processing strategy integrates the 

advantages of subwavelength resolution beyond the 

diffraction limit based on FsLDW and surface quality 

improvement based on polishing effect of the etching process, 

which can realize preparation of high-quality complex 

micro/nano-structures with superior resolution on the surface 

or inside transparent hard materials through a relatively facile 

and cost-effective process. For instance, Liu and coworkers 

manufactured artificial compound eyes using curved sapphire 

substrates based on a dry-etching-assisted FsLDW strategy, 

with a root-mean-square value of the surface roughness of 

only 1.1 nm (Figure 7(a) and (b)), which presented brilliant 

wide field-of-view imaging and focusing characteristics [167]. 

Ródenas et al. found that the chemical etching rate of 

nanopores in yttrium aluminum garnet and sapphire crystals 

could experience a remarkable amplification of over five 

orders of magnitude through combining direct laser writing 

with wet etching. And they fabricated sub-wavelength 

diffraction gratings and nanostructured optical waveguides in 

yttrium aluminum garnet, as well as millimeter-long 

nanopores in sapphire (Figure 7(c)-(e)), proving the value of 

this hybrid technology in the realms of crystalline nonlinear 

optics and 3D nanophotonics [168]. The femtosecond LIPAA 

utilizes the strong high-energy plasma produced by the 

interaction between a femtosecond laser and the target 

material to strengthen the laser ablation at the rear surface of 

the transparent substrate material, thereby enabling the 

fabrication of microstructures characterized by superior 

quality and reduced surface roughness [44]. For instance, Liu 

et al. manufactured microstructures with high aspect ratio on 

the sapphire substrates through using femtosecond LIPAA and 

subsequent optimized laser ablation (Figure 7(f) and (g)), 

which could avoid laser heating and internal crack formation 

[169]. In addition, FsLDW-based soft transfer hybrid 

technology has also aroused great interest from researchers 

due to its flexibility and high efficiency for fabricating soft 

functional structures [51, 170]. Li and coworkers facilely 

prepared slanted shape memory microcones through oblique 

FsLDW and a subsequent replica-molding method (Figure 

7(h) and (i)), which enabled the reversible morphology 

switching-based regulation of wettability and droplet adhesion 

[171]. 

3. Stimulus-responsive structures through FsLDW 

By integrating different processing strategies based on 

FsLDW technology with intelligent materials such as SMPs, 

LC polymeric materials, and smart hydrogels, various 

stimulus-responsive structures capable of responding to 

different external stimuli can be fabricated flexibly and 

efficiently. This section summarizes the recent research 

progress of different stimulus-responsive structures prepared 

by FsLDW according to their types of environmental stimuli. 

3.1. Magneto-responsive structures 

Magnetic fields have attracted great attention and become the 

preferred stimulation strategy to actuate stimulus-responsive 

structures because of their attractive advantages of being 

remotely controllable, safe, instantly responsive, and 

biocompatible [17, 50, 121, 172]. At present, to render the 

fabricated structures based on FsLDW technology with the 
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required magnetic responsiveness, magnetic elements such as 

Fe3O4 nanoparticles, NdFeB particles, and iron powder can be 

incorporated with the raw materials to obtain magnetic 

composites for fabrication, or magnetic materials can be 

coated on the surface of prefabricated unresponsive structures 

[173-177]. When subjected to external magnetic fields and 

spatial gradients, these structures can undergo complex 

predesigned behaviors including deformation and locomotion 

under actuating magnetic torques and forces, showing 

expansive application prospects in microfluidics [50, 51], 

robotics [178], cell/drug delivery [179, 180], etc. 

For example, Yasa et al. developed a magnetically steerable 

cell microtransporter for active and precisely localized stem 

 

Figure 7. Hybrid FsLDW fabrication technology. (a) Schematic of dry-etching-assisted FsLDW fabrication of a compound 

eye. (b) SEM images showing the compound eye. [167] John Wiley & Sons. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. (c) Top-view optical microscope image of nanopores fabricated by combining direct laser writing with wet etching. 

(d) Nanostructured waveguide with hexagonal structure. (e) Diffraction-limited near-field image of the waveguide output mode. 

Reproduced with permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature Photonics [168], 

Copyright (2018). (f) Schematics showing the experimental setup for fabrication of high-aspect-ratio microstructure based on 

femtosecond LIPAA. (g) Fabricated high-aspect-ratio microgroove on sapphire. Reprinted from [169], Copyright (2020), with 

permission from Elsevier. (h) Schematics showing the fabrication procedure of slanted shape memory microcones. (i) SEM 

image of the microcones. Reprinted from [171], with the permission of AIP Publishing.
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cell delivery by using a trimethylolpropane ethoxylate 

triacrylate (TMPETA)-based hydrogel containing 

superparamagnetic iron oxide nanoparticles through FsLDW 

technology (Figure 8(a) and (b)) [179]. Similarly, a 

magnetically powered biodegradable microswimmer based on 

the magnetic hydrogel composite, which was synthesized by 

using poly(ethyleneglycol) diacrylate (PEG-DA), 

pentaerythritol triacrylate (PE-TA), and superparamagnetic 

Fe3O4 nanoparticles, was manufactured utilizing the 

femtosecond laser two-photon polymerization strategy. The 

prepared magnetically responsive microswimmer with multi-

segment architecture and good degradability could realize 

undulatory locomotion and move forward under the driving of 

an external oscillating magnetic field, which presented great 

prospect in real-time and in vivo medical applications [181]. 

In addition to directly preparing magneto-responsive 

structures using magnetic composites, magnetically 

responsive structures can also be fabricated by modifying the 

surfaces of prefabricated nonresponsive structures with 

magnetic materials [120, 121, 182]. For example, Xu et al. 

first fabricated microcarriers using the negative-tone 

photoresist and two-photon polymerization-based FsLDW 

strategy and then coated the nonmagnetic structures with 50 

nm Fe by electron beam evaporation to prepare magnetic 

micromotors (Figure 8(c) and (d)) [183]. Besides the 

fabrication of a single simple structure, complicated magnetic 

structures can also be manufactured by integrating 

multimaterial components through assembly strategies [184]. 

In a very fascinating example, Hu et al. fabricated Janus 

microparticle-based magnetic micromachines with diverse 

programmed shape transformations and functions using two-

photon polymerization-based FsLDW technology and a 

hierarchical assembly strategy (Figure 8(e) and (f)). The 

inherent magnetic shape anisotropy of Janus microparticles 

brought excellent magnetic programmability to these 

deformable magneto-responsive soft structures [185].  

By combining FsLDW technology with other advanced 

manufacturing technologies, a variety of flexible magnetic-

responsive structures can be fabricated. For example, a 

multifunctional lubricated slippery magnetic-responsive 

microplate array was developed through a hybrid process of 

FsLDW and soft-transfer-based fabrication technology. A 

polytetrafluoroethylene (PTFE) mold with high-aspect-ratio 

microgroove array was first obtained through femtosecond 

laser ablation. Then, the composite material consisting of 

carbonyl iron powder and liquid polydimethylsiloxane 

(PDMS) and the PTFE mold were utilized to prepare the 

magnetic-responsive microplate array. Furthermore, the 

surfaces of the microplates were ablated again using a 

femtosecond laser to form microstructured surfaces, which 

could ensure the better storage of lubricating oil for the 

multifunctional lubricated slippery magnetic-responsive 

microplate array to realize high-performance multi-substance 

transport (Figure 8(g) and (h)) [163]. Likewise, Li et al. 

developed shape memory magnetic microcones using iron-

particle-doped epoxy resin through a FsLDW-based 

microdrilling and replica-molding strategy, which can be 

applied for versatile droplet manipulation and information 

encryption [142]. 

3.2. Light-responsive structures 

Intelligent light-responsive structures hold significant appeal 

due to their ability to be remotely and precisely controlled and 

multidimensionally (e.g. wavelength, intensity, and irradiation 

time) modulated rapidly in a noninvasive manner [186], which 

are generally actuated based on photochemical mechanisms 

(e.g., photoisomerization) or photothermal effects [187-195]. 

These smart structures possess the capability to undergo 

reversible changes in their physical and chemical 

characteristics, including alterations in morphology and 

surface wettability, under light of an appropriate wavelength 

[188-190, 194, 196]. For example, Pennacchio et al. designed 

a photoactuable cell confining system using an advanced 

azobenzene-containing gelatin-based hydrogel with great 

biocompatibility and biodegradability by means of two-

photon-polymerization-based FsLDW technology. The 

molecules of used azobenzene-based cross-linkers could 

realize isomerization between more stable trans isomers and 

less stable cis isomers under sufficient light irradiation, which 

endowed the fabricated microstructures with on-demand 

deformation for confinement and mechanical stimulation of 

living cells (Figure 9(a) and (b))  [57]. Similarly, light-

responsive microactuators were fabricated using liquid 

crystalline networks based on the azobenzene-doped mesogen 

mixtures. Trans-cis photoisomerization in azobenzene 

induced the shape morphing and nonreciprocal movement of 

the light-activated actuators manufactured by femtosecond 

laser two-photon polymerization [197]. Zeng et al. proposed 

microscale light-fueled walkers based on azobenzene-

containing liquid crystalline elastomers, which possessed 

dynamic behaviors, demonstrating capabilities such as 

directional or random walking, rotating, and jumping (Figure 

9(c)-(e)) [196]. Furthermore, Ulrich and colleagues fabricated 

visible light-responsive photochromic 3D microobjects by 

using the formulated modular thiol-ene resin and femtosecond 

laser two-photon polymerization strategy, which could 

dynamically realize photoisomerization-based reversible 

color tuning [198].  

In addition to photoisomerizable functional groups, 

photothermal-conversion-based elements, such as gold 

nanorods (AuNRs), reduced graphene oxide (RGO), carbon 

nanotubes, and Fe3O4 nanoparticles, can also be utilized in 

light-responsive structures [193, 199-201]. For example, Bai 

et al. designed a sunlight-driven recoverable 

superhydrophobic surface using FsLDW technology and a 

photo-responsive SMP composite, which was developed 
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through mixing a thermal-responsive SMP matrix and RGO. 

Since RGO presented excellent photothermal conversion 

properties, it could heat the prepared RGO-SMP composite 

above the glass transition temperature under enough light 

irradiation. The micropillar structures on the RGO-SMP 

composite surface were constructed by orthogonally crossed 

line-by-line femtosecond laser ablation, which were covered 

by rich micro/nanostructures and endowed the surface with 

 

Figure 8. Magneto-responsive structures. (a) Two steps for fabricating a steerable cell microtransporter. (b) Actuation of the 

microtransporter with encapsulated cells. [179] John Wiley & Sons. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim. (c) SEM image showing the prepared magnetic micromotors. (d) Magnetic actuation of the micromotor for cargo 

capture. Reproduced from [183]. CC BY-NC 4.0. © 2020 The Authors. (e) Fabrication process schematics of the Janus 

microparticle-based magnetic micromachines. (f) Locomotion of the lizard-like micromachine. Reproduced from [185]. CC 

BY 4.0. Copyright © 2021 The Authors. (g) Schematics showing the preparation process for the magnetically responsive 

microplate array. (h) Active directional transport of droplets and living insects. [163] John Wiley & Sons. © 2022 Wiley-VCH 
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GmbH.

ultralow-adhesive superhydrophobicity through the 

modification with fluoroalkylsilane. The superhydrophobicity 

of the surface would be lost when the micropillar structures 

underwent deformation through pressing or stretching. 

Interestingly, after sufficient sunlight irradiation, original 

morphology and superhydrophobicity of the surface could be 

completely restored (Figure 9(f) and (g)) [200]. In another 

interesting example, flexible light-responsive intelligent 

microstructures possessing superior shape-morphing 

properties were fabricated by using a carbon-nanotube-doped 

hydrogel composite and two-photon-polymerization-based 

FsLDW technology (Figure 9(h)). The used single-walled 

carbon nanotubes greatly augmented thermal conductivity, 

light absorption, and mechanical modulus of the temperature-

responsive N-isopropylacrylamide (NIPAM)-based hydrogel 

composite, thus greatly improving response speed and light 

sensitivity of these smart micromachines. Impressively, a 3D 

beating microscale artificial heart (dimension of merely 

80×120×60 µm3) with excellent spatiotemporal light-induced 

controllability was manufactured by assembling different cell 

structures (Figure 9(i)), showing great potential in tissue 

engineering [201]. 

 

Figure 9. Light-responsive structures. (a) Schematics of the fabrication and working process of the designed cell confining 

system. (b) Images showing the living cells before and after light irradiation. Reprinted with permission from [57]. Copyright 

(2017) American Chemical Society. (c) SEM image showing the light-fueled microscopic walker. (d) Actuation of the 

microwalker. (e) Different dynamic locomotion behaviors of the microwalker. Reproduced from [196]. CC BY-NC 4.0. © 2015 

The Authors. (f) Schematics of the preparation for the recoverable sunlight-driven superhydrophobic surface. (g) SEM images 

of micropillar structures in different states. Reprinted with permission from [200]. Copyright (2022) American Chemical 

Society. (h) Preparation of the cubic structure assembled by hollow buckyball cells. (i) Micrographs demonstrating the 
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fabricated microscale heart before and after light stimulation. [201] John Wiley & Sons. © 2023 Wiley-VCH GmbH. 

3.3. Temperature-responsive structures 

The temperature stimulus response of intelligent structures has 

been widely used to achieve user-defined functionalities 

because of the advantages of wide material applicability and 

simple control [202, 203]. The response processes of most 

temperature-sensitive materials, including hydrogels, shape-

memory materials, and LC polymers, are caused by changes 

of molecular structure, anisotropic properties, or different 

swelling behaviors. For thermo-responsive hydrogels, their 

response principles mainly rely on the change in wettability 

and solubility with temperature [204, 205]. For example,  

Figure 10. Temperature-responsive structures. (a) Temperature dependence of fabricated microstructures under varying beam 

lengths. (b) Temperature-responsive hetero-structures with increasing complexity. Reproduced from [18]. CC BY 4.0. 

Copyright © 2019 The Authors. (c) Illustration of the working principle of thermoelastic-bilayer-plate-based rotational and 

translational stages. (d) SEM images of the fabricated functional stacks. Reproduced from [206]. CC BY 4.0. Copyright © 2021 
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The Authors. (e) Thermal actuation of the hybrid temperature-responsive actuators. [207] John Wiley & Sons. © 2019 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim. (f) Schematics showing the temperature-actuated overhanging kirigami 

microstructures. (g) Top-view SEM images showing the fabricated kirigami structure. (h) Optical images demonstrating 

temperature-sensitive transformation of kirigami units. Reproduced from [208]. CC BY 4.0. Copyright © 2021 The Authors.

Hippler and colleagues manufactured functional hetero-

microstructures by utilizing poly(N-isopropylacrylamide) 

(PNIPAM)-based hydrogels and two-photon polymerization 

strategy. When external temperature exceeded lower hydrogel 

critical solution temperature (LCST), the hydrogel shrank and 

stiffened due to the wettability transition from hydrophilicity 

to hydrophobicity. After being cooled down, the hydrogel 

reversibly returned to its original state (Figure 10(a)). On the 

other hand, the thermal response of the polymerized hydrogel 

depended largely on the crosslinking density. Hydrogel with 

lower crosslinking density exhibited significantly greater 

shrinkage compared to that with higher crosslinking density, 

which could be utilized to realize structural deformation. Thus, 

they flexibly varied the employed exposure dose in fabrication 

procedure to realize precise and localized control on the 

crosslinking density and temperature response, enabling 

complex and controllable actuation of the 3D hetero-

microstructures (Figure 10(b)) [18]. In a similar fashion, 

thermomechanical-metamaterial-based 3D soft microrobotics 

were developed by Ji and coworkers, which consisted of 

thermoelastic-bilayer-plate-based rotational and translational 

elements. These two-component elements were prepared 

through two-photon polymerization with localized control of 

variable laser exposure using a negative tone photoresist, 

which enabled expansion and bending upon heating because 

of the different thermal expansion characteristics (Figure 10(c) 

and (d)) [206]. 

Temperature-responsive LC elastomers (LCEs) have 

attracted burgeoning interest because of their large strain and 

programmable 3D shape morphing capabilities, which are 

attributed to their anisotropic physical properties caused by 

their long-range orientational order. Temperature can trigger 

the order-disorder transition of mesogens to change their 

molecular alignment [22, 208]. The fascinating anisotropic 

characteristics of LCEs can be utilized to fabricate   

temperature-responsive structures. For example, 

microstructured and hybridized temperature-responsive 

actuators based on epoxide-based LCEs were manufactured 

by McCracken and colleagues through femtosecond laser two-

photon polymerization (Figure 10(e)), which had great locally 

and spatially controlled actuation performance [207]. 

Likewise, Guo et al. designed LCE pixels with programmable 

colors in the visible range from precisely controlled 

thicknesses of LCE through two-photon polymerization 

technology [209]. The refractive indexes of LCEs with 

different molecular alignments were different, which could 

lead to polarization colors [209-211]. Based on the fact that 

temperature causes a reduction in order, a decrease in 

birefringence, and color shifting of the LCE, they fabricated 

and demonstrated the temperature-responsive 2D (two-

dimensional) and 3D LCE-based microstructures with great 

reversible color-changing capabilities [209]. In another 

interesting example, Zhang and coworkers designed and 

demonstrated microscale temperature-responsive 

reconfigurable kirigami metastructures. They used stimuli-

responsive LCEs to fabricate the backing substrate, which 

could act as an artificial muscle to programmably reconFigure 

the overhanging kirigami microstructures prepared by 

femtosecond laser two-photon polymerization under proper 

external thermal stimulation. The stretching and contracting of 

the kirigami microstructure could be remotely controlled by 

thermal deformation of the backing LCE substrate (Figure 

10(f)-(h)). Moreover, they realized temperature-responsive 

switching and information encryption through the proposed 

LCE-driven kirigami metastructures [208]. 

3.4. pH-responsive structures 

In addition to the stimulus-responsive structures mentioned 

above, pH-responsive intelligent structures have also attracted 

wide attention. Materials capable of responding to pH 

stimulation include organic polymers [212], hydrogels [213], 

proteins [116, 214, 215], and SMPs [216], among others. The 

main reason for the pH-sensitive behaviors of these materials 

is the ionization/deionization transition of pH-responsive 

functional groups such as carboxyl and pyridine in certain pH 

range [17, 24, 217]. By combining FsLDW technology with 

pH-responsive materials, a lot of interesting smart structures 

can be manufactured [19, 218-220]. For example, Wang and 

coworkers developed an intelligent microactuator based on a 

flytrap-inspired bionic asymmetric structure, which was 

fabricated by using FsLDW technology and a 2-

(dimethylamino)ethyl methacrylate (DMAEMA)-based 

hydrogel. The protonatable aliphatic tertiary amine groups in 

the DMAEMA-based hydrogel would be positively charged 

because of protonation of the hydrogen ions in acidic solution, 

enabling electrostatic repulsion between molecular chains and 

thus inducing the swelling of the hydrogel. While the alkaline 

solution would cause the deprotonation of tertiary ammonium 

cations and the subsequent shrinkage of the hydrogel (Figure 

11(a)). These fabricated microstructures could achieve highly 

controllable capturing and releasing behaviors of target 

microparticles under proper pH stimulation (Figure 11(b)) 

[221]. Similarly, Hu et al. proposed biomimetic 3D 

microstructures with versatile shape transformation 

capabilities, such as expansion/contraction, torsion, and 

intricate wrinkling and curling distortion, by using FsLDW 

and a pH-responsive hydrogel. Moreover, they manufactured 
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functional microcages to realize selective microparticle 

trapping and release [222]. 

Bovine serum albumin (BSA) natural proteins have 

emerged as versatile materials for the fabrication of 

microstructures with programmable and anisotropic shape-

morphing capabilities because of their low cost, stimulation 

responsiveness, as well as comparable properties to human 

serum albumin. Wei et al. proposed BSA-protein-based 

microscale structures possessing adjustable surface 

morphology and pH-responsive characteristics through 

FsLDW. The proteins possessed many carboxylic acid groups 

and amino groups, and the ionization of these charged groups 

could induce strong electrostatic repulsion and swelling of the 

microstructures by controlling pH values. The precursor 

solutions with different concentrations of BSA-based native 

proteins were used to get varying cross-linking densities 

within the manufactured structures, enabling various shape 

morphing and swelling behaviors under external pH 

stimulation. Intriguingly, they fabricated a panda-face 

microrelief with unique “facial expression” variations and 3D 

microsieves with adjustable pore sizes (Figure 11(c) and (d)) 

[116]. Similarly, Ma et al. manufactured micro/nanoscale 

artificial musculoskeletal systems by programmably 

integrating the relatively rigid photopolymer SU-8 as 

framework and pH-sensitive BSA-based protein as responsive 

muscle component. They developed the successive on-chip 

femtosecond laser two-photon polymerization strategy for 

realizing multimaterial integration of complicated 

micro/nanoscale structures (Figure 11(e)). Impressively, they 

demonstrated a pH-responsive spider microrobot and an 

intelligent microgripper that could realize on-demand 

microtarget grasping and release (Figure 11(f) and (g)) [215]. 

 

Figure 11. pH-responsive structures. (a) Schematics showing the responsive mechanism of the deformable hydrogel induced 

by changes in pH.  (b) Response behaviors of the pH-driven microactuator for microsphere capture and release. [221] John 
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Wiley & Sons. © 2022 Wiley-VCH GmbH. (c) 3D panda relief with reversible pH-induced deformation. (d) Microsieves under 

varying pH. Reprinted with permission from [116]. Copyright (2017) American Chemical Society. (e) Schematics showing 

programmable fabrication for micro/nanoscale artificial musculoskeletal systems. (f) SEM images showing the fabricated 

microgripper with or without integration of protein muscles. (g) pH-responsive grasping performance of the fabricated 

microgripper. Reproduced from [215]. CC BY 4.0. Copyright © 2020 The Authors.

3.5. Humidity-responsive structures 

Structures with humidity-responsiveness are prevalent in 

nature, where they play crucial roles in various biological 

systems. An illustrative example is the spontaneous opening 

of pinecone flakes under low humidity, facilitating efficient 

seed dispersion [3, 223]. Researchers have taken much 

inspiration from nature and developed diverse humidity-

sensitive intelligent structures [17, 224, 225]. Hydrogels are

 

Figure 12. Humidity-responsive structures. (a) Photographs of the photonic molecular microcavity under different humidity 

ranges. (b) Lasing spectra under different humidities showing optical coupling response of the photonic molecular microcavities. 
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Reprinted from [226], Copyright (2019), with permission from Elsevier. (c) Schematics showing the crawling motion of a 

humidity-driven microscopic worm robot in a single cycle. (d) Schematics and images showing humidity-powered turnable 

crawling movement. Reprinted from [227], Copyright (2020), with permission from Elsevier. (e) Optical microscopy and SEM 

image of the fabricated micron-sized flower. (f) Micrographs of the flower showing the humidity-induced color change. 

Reproduced from [228]. CC BY-NC-ND 4.0. Copyright (2020) American Chemical Society. (g) Schematics of the bilayer-

actuator-based shape-morphing slippery surfaces. (h) Humidity-responsive deformations of the actuator with a slippery inner 

surface. Reproduced from [229]. CC BY 4.0. Copyright © 2023 The Authors.

commonly used materials for preparing intelligent structures 

with humidity response [230, 231]. For example, Li and 

coworkers fabricated a hydrogel whispering gallery mode 

(WGM) microcavity resonator that exhibited exceptional 

sensitivity to environmental humidity through FsLDW 

technology. The hydrogel-based microcavities demonstrated 

expansion or contraction behaviors in direct correlation to 

changes in ambient humidity levels, which enabled 

modulation of spacing between two microcavities and the 

subsequent controllable coupling of photonic molecular 

microcavities (Figure 12(a) and (b)) [226]. In another 

interesting example, Sun et al. developed an ingenious 

humidity-driven microscopic worm robot with asymmetric 

structures (thin forefoot and thick hindfoot) by using PEG-

DA-based hydrogel and femtosecond laser two-photon 

polymerization. The microworm robot could swell 

isotropically with increasing humidity and shrink 

inhomogeneously with decreasing humidity. Specifically, 

during the shrinkage process, the thin forefoot exhibited the 

initial contraction, followed by the subsequent contraction of 

the thick hindfoot, thus allowing the worm robot to move 

forward (Figure 12(c)). Besides straight crawling movement, 

the microworm robot could also accomplish more complicated 

turnable motions when properly designed. The exceptional 

microcargo-carrying capabilities of the humidity-actuated 

hydrogel microworm robot were also demonstrated (Figure 

12(d)) [227]. In addition to hydrogels, LC polymeric materials 

can also be used for fabricating artificial humidity-responsive 

structures [232]. For instance, four-dimensional 

microactuators with humidity-sensitive structural color and 

shape changes were fabricated based on supramolecular 

cholesteric liquid crystalline photonic photoresist by Del and 

colleagues. Networks of the used cholesteric liquid crystals 

presented a self-organized helical photonic architecture 

capable of selective light reflection. When the humidity 

increased or decreased, the microactuators would expand or 

contract respectively, inducing corresponding alterations in 

the pitch of ordered cholesteric liquid crystals and leading to 

a red shift or a blue shift respectively. Interestingly, micron-

sized flowers and butterflies were manufactured to 

demonstrate the structural responsiveness and controllable 

structural color (Figure 12(e) and (f)) [228]. 

Special structural design can also be utilized to achieve the 

humidity response of intelligent structures. Han et al. 

developed bilayer-actuator-based shape-morphing slippery 

surfaces inspired by carnivorous plants. They used FsLDW 

technology to process the surface of a graphene oxide (GO) 

membrane and obtained the Nepenthes-inspired 

microstructures. Most oxygen-containing groups would be 

removed in the process because of the photoreduction effect. 

Due to restricted light penetration and inhibited thermal 

relaxation of FsLDW, photoreduction only occurred on one 

surface of the GO membrane, while the other surface was 

unaffected. Soybean oil was infused into laser-structured 

reduced GO (LRGO) substrate to fabricate the LRGO/GO-

bilayer-based slippery surface with great droplet sliding 

ability. Upon exposure to moisture, the GO layer 

preferentially adsorbed water molecules, resulting in strain 

mismatch at the LRGO/GO bilayer interface and subsequent 

bending toward the LRGO side (Figure 12(g)). Interestingly, 

several humidity-responsive actuators with active droplet 

manipulation capabilities, such as a Dionaea muscipula 

actuator and intelligent frog tongue, were demonstrated 

(Figure 12(h)) [229]. 

3.6. Other stimulus-responsive structures 

Apart from the aforementioned stimuli, other external stimuli, 

including stress [233, 234], solvent [235, 236], and electric 

field [237-239], can also be used to trigger the dynamic 

behaviors of intelligent stimulus-responsive structures 

manufactured by FsLDW technology. For instance, Gräf et al. 

demonstrated the mechanically sensitive surface structural 

color of LIPSS-based diffraction gratings on ductile austenitic 

stainless steel through FsLDW. The plastic deformation with 

increasing total strain could cause an increase of the LIPSS 

period, leading to a subsequent shift of structural coloration 

from green to yellow and red gradually (Figure 13(a)). 

Furthermore, they fabricated LIPSS on elastomers by using 

replica casting from metal masters (Figure 13(b)), realizing 

the reversible stress-responsive structure color [240]. Zhang 

and coworkers designed smart 3D micro/nanostructures using 

acrylate-based photopolymers and two-photon-

polymerization-based FsLDW technology. These intelligent 

structures could expand in acetone and shrink in n-hexane 

with rapid response capabilities. Impressively, they fabricated 

and demonstrated diverse solvent-responsive microactuators, 

such as a microscale flower and eight-finger microclaw, with 

highly tunable and reversible dynamic behaviors (Figure 13(c) 

and (d)) [241]. 

In addition, the electricity-based actuation strategy has 

attracted wide attention from researchers because it is easy to 

modulate the electrical amplitude and waveform. Sandford et 
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al. realized electrically adjustable defects in LC devices and 

tunable disclination line control using femtosecond laser two-

photon polymerization (Figure 13(e)). Moreover, they proved 

that the disclination lines could be utilized for dynamic 

microparticle manipulation by tuning the external electric 

field [242]. In another interesting example, Chen and 

colleagues developed electric-actuated reconfigurable shape-

memory shutters by using FsLDW-based laser ablation and 

soft transfer technology (Figure 13(f)). Taking advantage of 

the electrothermal effect of underlying silver nanowires, the 

intelligent shutters could be dynamically controlled in situ 

through an electric field (Figure 13(g)), thus enabling thermal 

management and intelligent display [243]. 

 

Figure 13. Other stimulus-responsive structures. (a) Structural color shifting on the stainless steel under plastic deformation.  

(b) Reversible mechano-responsive color change on the elastomer surface. Reprinted from [240], Copyright (2018), with 

permission from Elsevier. (c) Solvent-responsive microscale flower. (d) Optical images showing the smart microclaw. 

Reprinted with permission from [241]. Copyright (2019) American Chemical Society. (e) Polarizing microscopy images and 

director profiles demonstrating dynamics of electrically responsive disclination line. Reproduced from [242]. CC BY 4.0. 

Copyright © 2020 The Authors. (f) Fabrication schematics of the electrically controllable shape-memory shutters. (g) 

Reversible switching of the intelligent shutters. [243] John Wiley & Sons. © 2022 Wiley-VCH GmbH.

4. Multifunctional applications  

Based on diverse stimulus-responsive structures fabricated by 

FsLDW technology, various functional applications have been 

developed in microrobotics, biomedical engineering, optical 

devices, multifunctional surfaces, droplet/bubble 
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manipulation, etc. 

4.1. Microrobotics 

Different from conventional robots, which depend 

comprehensively on direct-current or alternating-current 

motor drive systems and complex assembly components, 

microrobots are usually in the size of micrometers and are 

generally made based on relatively simple materials but 

ingenious structural designs [27, 244-246]. FsLDW 

technology can process and integrate various intelligent 

materials in an effective and flexible manner, enabling 

preparation of microrobots with more complex geometric 

shapes and advanced functionalities, which has aroused 

widespread interest in the scientific community [99, 174, 178, 

247]. Recently, Chen et al. fabricated microcrawlers with  

 

Figure 14. Microrobotics. (a) Schematics of a bilayer-based micro-joint and a starfish-like microcrawler and the locomotion 

trajectory of the microcrawler. Reproduced from  [218]. CC BY 4.0. Copyright © 2020 The Authors. (b) Fabrication process 

of the octopus-inspired robot. (c) In vitro experiment demonstrating sophisticated locomotion capabilities. Reproduced from 

Rigid frame

Compressive force

Pickup Release Withdraw

Laminated

spring

Curved

beam unit

Micro-object

z

x
x

y

z

Race car

Precursor mixture

for 3D printing

Blood plasma

Rose bengal

Magnetic nanoparticles

Albumin

Rose bengal

Magnetic nanoparticles

Platelet lysate

Rose bengal

Magnetic nanoparticles

Microrobotic design

10 μm

Single-helix microswimmer
B

Double-helix microswimmer

Microroller

ω

ω

ω

3D printing of

micromachines

Nanoparticle alignment

Two-photon

microprinting

Patient

Blood collection

Blood processing

Plasma

Leukocytes and platelets

Red blood cells

Humanoid robot

90 s

0 s

4 Hz

p
H

=
~

6

State I

State I

Mass=0.006 mg

F
ad

F
g

Octopus-inspired

hydrogel adhesive robot
Inner (protuberance)

Outer

(orifice)

FsLDW

Head

Legs

(ii)

(iii)
+18.8 s

+39.8 s

+51.4 s

+8.5 s 3

5

6

4

2

1

0.0 s

+27.9 s

(i)
Loose part

Dense part

30 μm

(a) (b)

(f)

(e)

① ② ③

④⑤

200 μm Pickup

Withdraw100 μm

200 μm

Release

(g)

(c)
1

Wet Condition

Adhesive

Robot

2 3 4

100 μm

5 μm

(d)

Magnetic actuation

25 μm

tfinal

t0

(h)

State II

Page 20 of 42

https://mc04.manuscriptcentral.com/ijem-caep

International Journal of Extreme Manufacturing

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



For Review Only

Journal XX (XXXX) XXXXXX Author et al  

21 
 

[205]. CC BY-NC 4.0. © 2022 The Authors. (d) Schematics demonstrating the switching principle of the snap-through 

metastructure.  (e) Snapshots showing the underwater pick-and-place process of a silicon chip. From [248]. CC BY-NC 4.0. © 

2022 The Authors. Reprinted with permission from AAAS. (f) Complex shape transformation process between the race car 

configuration and humanoid robot. From [19]. CC BY-NC 4.0. © 2020 The Authors. Reprinted with permission from AAAS. 

(g) Strategy for fabricating personalized micromachines from patient blood-derivable biomaterials. (h) Magnetic actuation and 

steering of the fabricated double-helix microswimmer. Reproduced from [249]. CC BY 4.0. Copyright © 2021 The Authors.

stimuli-responsive bilayer-based microjoints by using 

femtosecond laser two-photon polymerization. The two layers 

of microjoints were prepared with different crosslinking 

densities, which would induce interface mismatch during the 

response process because of the differences in shrinkage 

capabilities and mechanical properties between the two layers, 

thus enabling nonmonotonic bending deformations. They 

demonstrated different kinds of micro crawlers with 

multifunctional and highly controllable locomotion through 

diverse programmable structural designs and spatial 

arrangements of microjoints (Figure 14(a)) [218]. 

Microrobots that can realize robust adhesion to wet and soft 

biological tissues are very important for effectively 

completing various biomedical tasks. Lee and coworkers 

designed a small-scale octopus-inspired robot with robust and 

biocompatible wet suction-based tissue adhesion capability by 

using hydrogel heterostructures with varying Young’s moduli 

and two-photon polymerization-based FsLDW technology. 

The use of a low-modulus PNIPAM-based hydrogel for 

fabricating an internal dome-like protuberance structure could 

not only provide strong and controllable tissue adhesion under 

water, but also simultaneously enable easy detachment 

through temperature modulation thanks to its temperature-

sensitive volume change characteristics. While the use of a 

high-modulus PEG-DA-based hydrogel to manufacture the 

outer sucker wall could avoid the collapse of octopus-inspired 

hydrogel structures during suction. Furthermore, they 

demonstrated controllable adhesion and detachment of the 

proposed octopus-inspired robot on wet biological tissues 

(Figure 14(b) and (c)) [205]. 

At the microscale, there is a substantial increase in the ratio 

of surface area to volume, resulting in diminished significance 

of volume-related forces including gravity, inertia, and 

buoyancy. In this case, surface-related forces including 

friction, fluid drag and adhesion become more predominant. 

Therefore, achieving controllable adhesion and release of 

microobjects at the microscale presents a challenge. Zhang et 

al. developed a bioinspired snap-through metastructure for 

gripping and releasing microobjects, which consisted of three 

parts, including a rigid frame, a laminated spring, and a curved 

beam unit. The core of this technique was to adjust the 

boundary conditions for the snap-through instability, enabling 

the reversible transition from monostable to bistable. During 

the handling process, the rigid frame could realize the 

compliant-stiff boundary condition transitions of the curved 

beam unit assisted by an external compression force. 

Intriguingly, the snap-through of the curved beam could 

separate the contact area between the curved beam and pre-

adhered micro-object, which enabled the successful release 

operation. Moreover, the compressed laminated spring could 

push the curved beam out of the rigid frame after the external 

force was withdrawn to prepare for the next operation cycle 

(Figure 14(d)). They fabricated and demonstrated a 

miniaturized snap-through device with two-way switchable 

adhesive capability through FsLDW, which could realize the 

picking and placing of micro-objects with smooth and rough 

surfaces in universal scenes including dry and underwater 

conditions (Figure 14(e)) [248]. 

In addition to the simple and single structure design, 

reconfigurable robots based on modular designs have attracted 

wide attention because they enable the enrichment of 

morphologies, functionalities, and degrees of motion within a 

single robot. For an interesting example, diverse 3D 

reconfigurable microstructures with sophisticated shape-

transforming capabilities were proposed based on a 

programmable modular design and stimulus-responsive micro 

building blocks assembly strategy by Huang and colleagues. 

They utilized stimulus-sensitive hydrogel materials and 

femtosecond laser two-photon polymerization to prepare these 

multifunctional microscale building blocks. Impressively, 

they fabricated and demonstrated a micro-transformer based 

on 3D assembly and movement planning of modular building 

blocks, which could achieve complex shape transformation 

between the racing car and humanoid robot (Figure 14(f)) 

[19]. In recent years, the design and manufacturing of 

biocompatible stimulus-responsive structures have aroused 

great interest from researchers [121, 250, 251]. Significantly, 

Ceylan et al. fabricated the multi-responsive microrobots with 

exceptional biocompatibility based on patient-blood-derived 

biomaterials (magnetic composites composed of serum 

albumin protein, plasma, and platelet lysate) through two-

photon polymerization-based FsLDW technology. These 

autologous-biomaterial-based micromachines could avoid 

cytotoxicity and the immune response to the maximum extent, 

and they possessed excellent enzymatic degradability, which 

could minimize the risk of chronic inflammation and long-

term toxicity (Figure 14(g) and (h)) [249]. 

4.2. Biomedical engineering 

Stimulus-responsive structures prepared by FsLDW 

technology are being increasingly utilized in biomedical fields 

including cell delivery and precisely localized therapy because 

of their controllable dynamic behaviors of manipulating 
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micro-objects and potential capabilities for loading, delivery, 

and release of drugs [252-258]. Cells are capable of 

recognizing and transmitting mechanical strain and stress 

pattern through mechanically sensitive modules, including 

cell adhesion sites, ion channels, and cytoskeleton. Exploring 

the cellular response behaviors to external mechanical stimuli 

holds significant importance [259-261]. Hippler et al. 

manufactured stimuli-responsive composite micro scaffolds 

for cell manipulation by using a β-cyclodextrin acrylamide 

and adamantane acrylamide-based host-guest hydrogel and 

two-photon polymerization. The fabricated microstructures 

through the specially developed host-guest hydrogel could 

present reversible large volume changes through the 

application of soluble competitive low-molecular-weight 

guests (1-adamantanecarboxylic acid, i.e., 1-AdCA) under 

physiological conditions. They used traditional photoresists 

and this newly developed host-guest hydrogel to fabricate the  

 

Figure 15. Biomedical engineering. (a) Schematics showing the stimuli-responsive composite microscaffolds. (b) Schematics 

and optical micrographs showing the cells under unstretched and stretched states. (c) Fixed and stained cells under unstretched 
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and stretched states. From [262] . CC BY-NC 4.0. © 2020 The Authors. Reprinted with permission from AAAS. (d) Schematics 

demonstrating design of pH-triggered hydrogel microcapsules for anticancer drug release beside cancer cells. (e) Confocal laser 

scanning microscopy images showing the fluorescence within tumor cells under pH < 7 (left) and pH > 7 (right). Reprinted 

with permission from [56]. Copyright (2022) American Chemical Society. (f) Schematics showing targeted drug release 

utilizing magnetic shape-morphing microfish. (g) Images showing HeLa cells viability at drug release region and control region. 

Reprinted with permission from [10]. Copyright (2021) American Chemical Society. (h) Illustration for cargo delivery through 

flowing blood using sperm micromotors. Reprinted with permission from [263]. Copyright (2020) American Chemical Society. 

(i) Schematics of the puffball-inspired microrobotic system. (j) On-demand drug delivery using the microrobotic system. 

Reproduced from [176]. CC BY 4.0. Copyright © 2022 The Authors.

microscale composite cell scaffolds composed of protein-

repellent base components, protein-adhesive beam 

components, and central stimuli-sensitive hydrogel host-guest 

parts, which could be utilized for simultaneously stretching 

individual cells and studying subsequent dynamic cell 

behaviors with precise spatial and temporal control under 

customized microenvironments (Figure 15(a)-(c)) [262]. 

Sustained release of drugs can increase the compliance of 

patients and reduce the side effects of drugs, which is a very 

important medical research field. Zhang and coworkers 

fabricated a biomimetic hydrogel-based porous gating system 

through FsLDW-based microdrilling and subsequent 

ultraviolet exposure, which consisted of a pH-sensitive 

hydrogel-based valve and a frame made of PDMS. The 

proposed gating systems, including membrane and 

microcapsule systems inspired by plant stomata, could realize 

a reversible transition between “OFF” and “ON” states based 

on pH-triggered valve expansion or contraction, which could 

be applied to realize sustained drug release and on-demand 

tumor cells treatment (Figure 15(d) and (e)) [56]. Achieving 

precise drug delivery is a paramount objective in targeted 

therapy, but it poses significant challenges. Xin et al. 

successfully engineered shape-morphing microrobots capable 

of adapting to the surrounding environment by 

programmatically encoding the heterogeneous architectures in 

a pH-responsive hydrogel through femtosecond laser two-

photon polymerization. These intelligent microscale robots 

were endowed with magnetic driving capabilities after being 

immersed in a Fe3O4 nanoparticle suspension. They 

manufactured a magnetic shape-morphing microfish capable 

of encapsulating and controllably releasing the drug 

(doxorubicin, DOX) through opening and closing the 

microfish mouth, which was used to demonstrate localized 

HeLa cancer cell treatment in the artificial vascular network 

by stimulation of the magnetic field and pH (Figure 15(f) and 

(g)) [10]. In a similar fashion, Xu and colleagues developed a 

hybrid streamlined-horned sperm micromotor by using two-

photon polymerization. The sperm flagellum of the hybrid 

micromotor could enable high propulsion, while the synthetic 

microstructure coated with Fe could be utilized for magnetic 

guidance and cargo transportation. Medical treatments in 

blood are accompanied by complex working circumstances, 

such as diverse cells and substances, complicated 

hemorheological characteristics, and high fluid velocities, so 

it is difficult to complete these extremely challenging tasks. 

However, they demonstrated that the prepared sperm 

micromotor could efficiently swim against the flow of blood, 

accomplishing the task of delivering heparin cargo under 

precise guidance of an external magnetic field for localized 

anticoagulation therapy (Figure 15(h)) [263]. 

Currently, most stimulus-responsive microstructures used   

for targeted drug delivery in vivo are largely restricted by 

inadequate drug loading capacity, inevitable drug leakage or 

inactivation, as well as stringent drug modification standards. 

Song et al. proposed a puffball-inspired microrobotic system 

based on FsLDW technology, which was composed of a 

spatially segregated inner chamber for high drug payloads, a 

near-infrared-sensitive sealing layer offering strong drug 

protection and noninvasive desired drug release, and 

nickel/titanium composite layers for magnetic propulsion 

capability. The prepared microrobotic system could flexibly 

load small-molecule drug payloads and polymeric drug 

payloads without other complex modification steps (Figure 

15(i)). Interestingly, they controlled the microrobotic system 

to move to different designated target positions precisely by a 

rotating magnetic field and used a near-infrared laser to induce 

the selective melting of the top sealing layer and following 

encapsulated drug release (Figure 15(j)), thus realizing 

targeted and on-demand drug delivery [176]. 

4.3. Optical devices 

The unparalleled advantages of FsLDW-based surface and 

volume processing strategies, including extremely high 

precision, true 3D manufacturing capability, and wide 

materials applicability, are particularly helpful for fabricating 

optical devices with multiple functions [86, 264, 265]. Based 

on FsLDW technology, a variety of intelligent stimulus-

responsive optical devices, such as gratings [189, 233], optical 

waveguides [53], microlenses [54, 214, 266], and photonic 

crystals [267, 268], can be manufactured by appropriately 

integrating smart materials and optimized designs. Optical 

storage technology has garnered significant attention due to its 

notable benefits of low energy consumption, cost-

effectiveness, and remarkable storage capacity. It is of great 

significance to explore new optical information storage 

devices with fast response, 3D storage capacity, and 

nondestructive rewritability. Xiao et al. developed 3D glass-

based optical information storage devices with excellent 
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rewritability and erasability by utilizing FsLDW technology 

and transparent photochromic glasses doped with rare earth 

ions. Reversible modifications of transmittance and 

upconversion luminescence of photochromic glasses, 

resulting from the hopping of polarons (W6+/W5+ and Sb3+/ 

Sb5+), could be achieved through femtosecond laser irradiation 

and heat treatment (Figure 16(a)). Impressively, they wrote 

rectangles with different sizes and Chinese characters within 

inner layers of transparent photochromic glass by internal 

modifications of solid materials based on FsLDW, thus 

enabling 3D information storage (Figure 16(b)) [269]. 

Inspired by natural compound eyes found in insects, 

manufacturing artificial compound eyes that offer expansive 

field of view, infinite field depth, and dynamic imaging 

characteristics have aroused widespread interest from 

researchers because of their potential cutting-edge 

applications in national defense, industry, and clinical 

medicine [270-273]. Ma and coworkers designed intelligent 

stimulus-responsive BSA-protein-based compound eyes 

through FsLDW, which were inspired by both the compound 

eyes found in insects and tunable crystalline lens present in 

human eyes. The adjustable field of view and variable focal  
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Figure 16. Optical devices. (a) Schematics showing the writing and erasing of 3D glass-based information storage. (b) Images 

showing the rewritability and erasability of the optical information storage. Reproduced with permission from Springer Nature 

Customer Service Centre GmbH: Springer Nature, Science China Materials [269], Copyright (2022). (c) SEM image showing 

the protein compound eye. (d) Varifocal capability of the fabricated compound eye. [52] John Wiley & Sons. © 2019 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Image of the grating and the changes in the distances between first-order 

maxima under different pH values. Reproduced from [274]. CC BY 4.0. Copyright © 2022 The Authors. (f) SEM image 

showing the woodpile structure. (g) Images of pH-responsive butterfly painting. [275] John Wiley & Sons. © 2022 Wiley-VCH 

GmbH. (h) Schematic for the reconfigurable transformation of free-standing nanopillars. (i) Deformed and recovered 

nanopillars. (j) Optical images showing structural colors. Reprinted with permission from [276]. Copyright (2022) American 

Chemical Society.

length could be realized by flexibly modulating the pH-

induced controllable and reversible expansion and contraction 

of the compound eyes with sophisticated 3D shapes and 

ultrafine ommatidia (Figure 16(c) and (d)) [52]. 

 Diffraction gratings are periodic-structure-based optical 

components that can be used to manipulate spatial light 

distribution and play vital roles across diverse applications, 

such as spectrometers, monochromators, augmented/virtual 

reality displays, and structured light [233, 277]. Xiong et al. 

fabricated tunable volume diffractive gratings by using 

FsLDW strategy and a partially crosslinked phenylboronic 

acid hydrogel, which mainly resulted from femtosecond laser 

densification-induced variations of local refractive index in 

pH-responsive hydrogel. When exposed to different 

surrounding pH values, the prepared hydrogel-based 

subsurface line gratings would swell, inducing grating period 

changes and subsequently distance changes between the first 

order maxima of projected diffraction patterns (Figure 16(e)) 

[274]. 

Structural colors are different from the colors generated 

from traditional dyes and pigments, and they can be created 

by light interactions with the specific physical 

micro/nanostructures within or on the surface of a material, 

which are eco-friendly and fade-resistant, and are favorable 

alternatives for future color applications [278-280]. Liu and 

colleagues achieved stimuli-responsive structure colors under 

solution conditions by using two-photon polymerization-

based FsLDW technology and a modified pH-responsive 

hydrogel. The fabricated 3D orthogonal grating-stack-based 

woodpile structures with different designed lateral and axial 

structural parameters could present a fairly wide range of 

different colors, resulting from the diffraction of transmitted 

light beams by different woodpile layers (Figure 16(f)). 

Interestingly, they demonstrated the reversible color-

switching behaviors of the prepared woodpile 

amphichromatic fish and pixelated artwork images with blue 

butterflies by modulating the pH value of the solution (Figure 

16(g)) [275]. Similarly, Zhang et al. realized high-resolution 

reconfigurable structural colors based on the programmable 

high-aspect-ratio nanopillars (Figure 16(h)), which were 

fabricated by using a newly developed stiff SMP resin and 

femtosecond laser two-photon polymerization. The slender 

and narrow nanopillars exhibited the ability to undergo 

deformations into the collapsed and curled state, and could 

also be restored to initial upright state upon sufficient heating 

(Figure 16(i)), which could be utilized to reversibly display 

different structural colors caused by the interaction between 

the nanopillars and the visible light (Figure 16(j)) [276]. 

4.4. Multifunctional surfaces 

With the rapid development of society, surfaces designed with 

single functionality can no longer fulfill the diverse 

requirements in practical applications. Imparting intelligent 

response characteristics to the surface, such as switchable 

wettability, adjustable adhesion, and light transmittance, has 

attracted wide interest among researchers [281-285]. Jiang 

and coworkers fabricated a smart dynamic regulation 

structured surface composed of a high-aspect-ratio magnetic-

responsive microplate array by integrating FsLDW strategy, 

SMP-based soft transfer, as well as surface modification. 

Through the overall superhydrophobic treatment and 

subsequently magnetic-field-assisted selective sunny-side-up 

laser scanning, a Janus microplate array could be obtained, 

which had one superhydrophobic side and the other 

hydrophilic side (Figure 17(a)). The application of a magnetic 

field enables the reversible switching of surface wettability 

between a superhydrophobic state and a hydrophilic state, thus 

enabling the function of a magnetic-responsive water droplet 

switch (Figure 17(b)). Similarly, magnetic-sensitive color 

conversion could be accomplished through painting distinct 

colors on different sides of the Janus microplates (Figure 

17(c)) [50]. Bai et al. designed a thermo-actuated SMP-based 

surface possessing adhesion-switchable capabilities. They 

used FsLDW to directly prepare a microgroove array on the 

SMP surface, endowing the micro/nanostructured surface 

further modified by fluoroalkylsilane with great 

superhydrophobicity and anisotropic wettability. After being 

deformed under external force pressing, the microgroove 

array would undergo a transition from a state of low water 

adhesion to a state of high water adhesion, and its original 

morphology and wettability would be completely restored 

after an adequate heating process (Figure 17(d)) [21]. 

In addition to controllable wettability switching, 

multifunctional surfaces with synergistically switchable 

optical transparency are also of great significance for practical 

applications. Chen and coworkers developed a Joule-heat-
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responsive intelligent slippery surface with a sandwich 

structure, which consisted of impregnated paraffin, elastomer 

membrane with superhydrophobic micropillars fabricated 

through FsLDW, and a silver-nanowire-embedded film heater 

(Figure 17(e)). By heating through loading a low voltage, the 

solid paraffin wax on the microstructured surface would melt, 

thus forming a slippery surface with augmented transparency 

and suppressed contact angle hysteresis. Once the electrical 

heating was removed, the undulating non-slippery surface 

would be restored due to the coagulated paraffin, which would 

exhibit low optical transparency and high contact angle 

hysteresis (Figure 17(f)). More intriguingly, they 

manufactured and demonstrated a homemade smart window 

with adjustable optical transparency for thermal management 

in situ and controllable optical visibility (Figure 17(g)) [237]. 

To date, smart surfaces with tunable wettability are mostly 

limited to switching between two different wetting 

characteristics. It is of great value to explore the realization of 

reversible switching of multiple wetting characteristics for 

intelligent surfaces. Song et al. fabricated a smart biomimetic 

 

Figure 17. Multifunctional surfaces. (a) Schematics showing the fabrication process for Janus microplate array. (b) Switchable 

wettability of the Janus microplate array. (c) Images showing the dynamic switching of surface color. [50] John Wiley & Sons. 
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© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Reversible surface wettability switching of the microgroove 

array. Reprinted from [21], Copyright (2020), with permission from Elsevier. (e) Fabrication strategy of the intelligent slippery 

surface. (f) Images of regulating optical transparency and wettability. (g) Conceptual schematic of the thermal management. 

Reproduced from [237]. CC BY 4.0. Copyright © 2021 The Authors. (h) Optical images showing the reversible tri-switching 

on the surface in situ. Reprinted with permission from [234]. Copyright (2022) American Chemical Society.

tensile-dependent surface with flexible tri-switchable 

wettability, which was composed of a stretchable silicone-

based substrate and a PDMS-based microcolumn array 

obtained through using FsLDW and soft transfer technology. 

In the absence of external stretching, the cauliflower-like 

micro/nanostructures uniformly distributed on the 

femtosecond-laser-ablated top layer of microcolumns could 

endow the surface with lotus-leaf-like superhydrophobicity, 

low adhesion, and isotropy. After being stretched uniaxially, 

the surface exhibited rice-leaf-like anisotropy. Once the 

increasing tensile force made the microcolumn spacing larger 

than the droplet diameter, the droplet would completely 

contact the substrate, thus making the surface present rose-

petal-like high adhesion. Therefore, by controlling the 

uniaxial tensile stress, the reversible switching of triple 

controllable wettability characteristics could be realized 

flexibly (Figure 17(h)) [234].  

4.5. Droplet/bubble manipulation 

Controllable manipulation of droplet and bubble, including 

capture, transport, and merging, is essential for advancing 

academic research and industrial explorations owing to its vast 

potential across diverse fields in microfluidics, chemical and 

biological analysis, sensors, and medicine [286, 287]. 

Moreover, many researchers have realized multifunctional 

droplet/bubble manipulation by using stimulus-responsive 

structures prepared through FsLDW technology [171, 288]. 

For example, Jiang and colleagues developed a 

multifunctional magnetic-responsive liquid manipulator by 

integrating FsLDW technology and the soft transfer technique, 

which could be utilized for 3D droplet transportation. The 

controllable droplet manipulation of the proposed manipulator 

was based on the dynamic behaviors of the magnetic-actuated 

microplate array subjected to periodic magnetic fields varying 

spatially. Due to sequential abrupt reversal of the microplates 

resulting from the particular magnetic field configuration, a 

droplet could be transported at an unprecedented speed of 58.6 

mm·s-1 (Figure 18(a)). Furthermore, they demonstrated the 

applications of the manipulator in droplet-based chemical 

reactions and anti-gravity droplet climbing (Figure 18(b)) 

[51]. 

Recently, microscale drug screening with high throughput 

has garnered significant attention thanks to its merits in terms 

of cost-effectiveness and high efficiency. Zhou et al. achieved 

highly effective and flexible drug toxicity screening through 

the on-demand manipulation of various prodrug droplets. 

They proposed a light-sensitive slippery platform, which was 

fabricated through FsLDW-based ablation of the prepared 

PDMS film doped with candle-soot nanoparticles and further 

infused with silicone oil lubricant. The near-infrared-light-

induced programmable manipulation of droplets exhibiting 

varying surface tensions could be realized on the slippery 

platform, resulting from excellent photothermal conversion 

capability of candle-soot nanoparticles and temperature-

difference-induced wetting gradient force (Figure 18(c)). 

Importantly, they demonstrated the nondestructive droplet 

merging and sorting of different prodrug droplets under 

remote control of near-infrared light (Figure 18(d)) [289]. 

In addition, bubble manipulation can also be realized by 

using FsLDW-based stimulus-dependent intelligent structures. 

For instance, inspired by pitcher plants and rice leaves, Jiao 

and coworkers developed a strain-responsive slippery 

lubricant-infused anisotropic surface for facile bubble 

manipulation. Initially, a PDMS-based microgrooved surface 

was fabricated using femtosecond laser ablation. 

Subsequently, a uniform slippery surface was achieved by 

spin-coating silicone oil onto the fabricated surface. The 

microgroove structures played a crucial role in creating a 

superhydrophobic substrate that effectively trapped the 

silicone oil, forming a stable lubricant film. When the surface 

was not subjected to stretching, the lubricant film covered the 

microgrooves entirely, facilitating easy bubble sliding in a 

direction perpendicular to the microgrooves. However, when 

the surface was stretched, the hydrophobic PDMS 

microgrooves were exposed, resulting in increased contact 

angle hysteresis and hindering the potential bubble movement. 

Consequently, the designed surface demonstrated in situ 

wettability switching, allowing reversible transition between 

underwater bubble sliding and pinning simply by controlling 

the mechanical strains (Figure 18(e) and (f)) [290].  

Besides the conventional adhesion regulation between 

ultralow and ultrahigh states, tuning the adhesion force 

between the solid surface and bubble can enable more flexible 

and accurate bubble manipulation, which is challenging 

because of the high demand for solid surface topography 

control. Huo et al. realized controllable bubble manipulation 

by adjusting the underwater bubble adhesion on a solid surface 

using FsLDW-based patterned SMP surfaces. They obtained 

inspiration from fish scales and rose petals. The hierarchically 

structured SMP surface with microscale protrusions and 

nanoscale swellings was fabricated through line-by-line 

femtosecond laser scanning, which endowed the surface with 

great fish-scale-like underwater superaerophobicity and 

ultralow bubble adhesion. While the untreated surface 

exhibited rose-petal-like underwater aerophobicity and high 
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bubble adhesion. Thus, by controlling the proportion of the 

FsLDW-induced hierarchically structured square pattern array 

and untreated planar domain, the underwater bubble/solid 

adhesion could be flexibly modulated (Figure 18(g) and (h)). 

More importantly, they achieved underwater bubble 

picking/site-specific release and subsequently programmable 

tiny-bubble array generation and erasing by using different 

prepared samples with customized bubble/solid adhesion 

(Figure 18(i)) [291].  

5. Conclusions and perspectives 

In conclusion, we focus on the state-of-the-art FsLDW-

prepared stimulus-responsive structures for multifunctional 

applications. We first concisely introduce the underlying 

physical principles of femtosecond-laser-matter interaction 

and different manufacturing strategies based on FsLDW. 

Thereafter, according to the response capability to different 

environmental stimuli, diverse intelligent structures prepared 

by FsLDW are summarized.  Afterwards, multiple potential 

applications of these stimulus-responsive structures including  

 

Figure 18. Droplet/bubble manipulation. (a) Horizontal droplet propulsion and vertical droplet capture/release. (b) Images 

showing the droplet mixing and chemical reaction. Reprinted with permission from [51]. Copyright (2020) American Chemical 

Society. (c) Schematics for fabrication of the slippery platform and droplet sliding under near infrared light. (d) Schematic and 

photographs of droplet sorting. Reprinted with permission from [289]. Copyright (2022) American Chemical Society. (e) 

Schematic showing the reversible bubble manipulation between sliding and pinning under external mechanical excitation. (f) 

Optical images showing the reversible switching and bubble manipulation. Reprinted with permission from [290]. Copyright 
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(2021) American Chemical Society. (g) Fabrication schematic of the square-patterned array. (h) SEM images and wettability 

characterization of the planar surface and laser-structured surface. (i) Images showing the tiny bubble writing and the formed 

bubble pattern. Reprinted from [291], Copyright (2021), with permission from Elsevier. 

microrobotics, biomedical engineering, optical devices, 

multifunctional surfaces, and droplet/bubble manipulation, are 

emphasized and described (Table 1), which originate from 

their highly controllable dynamic behaviors.  

In spite of remarkable advancements in smart FsLDW-

based stimulus-responsive structures, there are still several 

challenges to be met for better future development. Basically, 

because of the complicated nonlinear interactions, the 

interaction mechanisms between femtosecond lasers and 

various materials have not been fully elucidated, especially 

some new functional materials. For example, there is still a 

lack of comprehensive and integrated multiscale theoretical 

models to scientifically explain the formation mechanism of 

femtosecond laser-based LIPSS, which requires further 

extensive experimental and theoretical research, including 

multiscale observation systems with high spatial-temporal 

resolution and dynamic continuous observation ability. The 

mechanisms of femtosecond laser-induced internal physical 

modification in solid materials have not been completely 

determined, especially after the energy transfer from the free 

electron plasma to the lattice. 

Apart from the need to explore undisclosed physical 

mechanisms, novel and more efficient extreme manufacturing 

techniques should be developed. Achieving high spatial 

resolution through two-photon polymerization-based FsLDW 

is of critical significance in the fabrication of high-precision 

and high-quality stimulus-responsive devices, such as intricate 

photonic devices and 3D functional micromachines, which is 

a focal point of numerous researchers. The refinement of the 

optical system and femtosecond laser writing parameters, 

including the objective numerical aperture, laser pulse width, 

wavelength, average power, and exposure dose, holds promise 

for achieving superior resolution [89, 292, 293]. Another 

strategy involves fine-tuning the polymerization 

characteristics of photopolymers through the addition of 

radical quenchers or highly sensitive and efficient 

photoinitiators [294-296]. Additionally, employing 

photoinhibition-lithography techniques, inspired by 

stimulated emission depletion microscopy, allows for the 

partial depletion of radicals within the focal region. These 

techniques can effectively reduce the voxel size, enabling 

greater resolution at deep sub-diffraction scales and 

significantly improving the repeatability and consistency [295, 

297-299]. Besides high resolution, achieving high throughput 

and efficiency in the fabrication of stimulus-responsive 

micro/nano-structures is also of great significance. To 

enhance fabrication speed, various strategies have been 

developed, including galvo-mirror-based focus scanning, 

multifoci parallel processing, and structured light field 

techniques. These methods usually involve the utilization of 

auxiliary optical components, such as microlens arrays, beam-

splitting devices, spatial light modulators, and digital 

micromirror devices [300-305]. Currently, the fabrication 

efficiency and processing quality of FsLDW are restricted by 

each other, limiting its large-scale and industrial practical 

applications. Therefore, it is of great necessity to develop 

novel strategies to overcome the inherent trade-offs between 

fabrication resolution and efficiency. Although some progress 

has been made in hybrid processing techniques, more creative 

and ingenious combinations of different fabrication methods 

and FsLDW technology are of great significance for endowing 

the prepared stimulus-responsive structures with more  

comprehensive advantages, such as sophisticated geometric 

designability, high resolution, high surface quality, rapid 

processing capability, high efficiency, and low cost, thus 

promoting the realization of higher degrees of 

functionalization, integration, and industrialization. 

More significantly, the potential applications should be 

expanded and truly put into use. We can broaden the 

application range of FsLDW-based stimulus-responsive 

structures in sensors and electronic devices by using advanced 

materials, such as graphene and liquid metal. For example, the 

synchronous reduction and nanopatterning technology of 

graphene oxide by a femtosecond laser can be utilized in the 

field of energy storage electronic devices. Liquid-metal-

repellent polymer surfaces based on FsLDW-induced 

micro/nanostructures can be integrated for intelligent soft 

electronics. Furthermore, the development of intelligent 

responsive materials with high performance, 

multifunctionality, and compatibility for FsLDW is also a key 

point that cannot be ignored. At present, it is still difficult for 

stimulus-responsive smart structures manufactured by 

FsLDW to achieve large-scale industrial applications. The 

functional capabilities of these intelligent structures can 

perform well under laboratory conditions, but they may face 

many difficulties and failures in practical applications. For 

biomedical applications, the biocompatibility, 

biodegradability, and self-healing capabilities of stimulus-

sensitive materials are crucial but quite challenging. For 

microrobotic applications, there is a critical need to further 

optimize the remote control means of stimulus-responsive 

structures to achieve more efficient and accurate control and 

meet the special requirements in complicated working 

environments such as complex biological microenvironments. 

Moreover, future-oriented functional stimulus-responsive 

structures need to be further improved in response sensitivity, 

reversible transformation ability, and response time. 

Despite the as-presented challenges, the emerging field of 

FsLDW-based stimulus-responsive structures still has great 

prospects. It can be anticipated that various intelligent 
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structures integrating advanced stimulus-responsive functions 

and practical applications can be developed through more 

systematic in-depth research and interdisciplinary integration, 

which will undoubtedly open up new horizons and make great 

contributions for both scientific research and practical 

applications. 
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Table   1.   Summary of various FsLDW-prepared stimulus-responsive structures, performances, and applications

Applications Stimuli Main materials Functions Critical performance Ref. 

Microrobotics 

Magnetic 
AZ IPS6090 photoresist, 

CrO2/NdFeB, 

silicone elastomer 

Microcilia/microrotor, 

micro-mechanical bits 

Heterogeneous multi-material integration, 
3D programmable magnetization, 

complex geometries 

[173] 

Magnetic 
PEG-DA, PE-TA, 

Fe3O4 nanoparticles 
Microswimmer 

Superior biodegradability, 

enhanced structural integrity 
[181] 

Magnetic 
AZ IPS6050 photoresist, Fe, 

polymeric materials 
Multimaterial 

micromachines 

Mechanical metal/polymer interlocking, 

unprecedented resolution/topological 

complexity, multi-locomotion strategies 

[184] 

Magnetic 
PEG-DA, permalloy Janus 

microparticle 

Versatile 

micromachines 

3D magnetic programmability, 
programmable deformation and motion, 

multimaterial integration 

[185] 

Magnetic/pH 
Blood-derived biomaterials, 

iron oxide nanoparticles 
Micromachines 

Multi-responsive, exceptional biocompatibility 
and biodegradability 

[249] 

Light 
LCE, acrylic resin IP-Dip, 

azo dye 
Microscopic walkers Multiple dynamic behaviors [196] 

Light LC networks, azobenzene Microactuators 
Deformation dynamics control, 

non-reciprocal movements, rapid response 
[197] 

Light 
NIPAM hydrogel, 

carbon nanotubes 

Intelligent 

micromachines 

Programmable shape-morphing, 

spatiotemporal controllability,  
microscale artificial heart 

[201] 

Temperature/ 
light 

PNIPAM hydrogel 
3D 

heteromicrostructures 

Highly localized crosslinking density control, 

large-amplitude response, 

complex and controllable actuation response 

[18] 

Temperature 
PNIPAM and PEG-DA 

hydrogel 
Adhesive microrobot 

Robust and biocompatible 

wet tissue adhesion/detachment 
[205] 

Temperature 
IP- Dip 

negative-tone photoresist 

Thermoelastic 

metamaterials 

Excellent motion controllability, sensitive 

thermal-driven behavior, reversible and stable 
[206] 

Temperature IPS780 photoresist, LCE 
Microscale kirigami 

metastructures 

Programmable and reconfigurable shape 

transformation, great scalability 
[208] 

Temperature LCE Microactuators 
Locally/spatially-controlled actuation, 

multimaterial hybrid integration 
[207] 

pH 
NIPAM/Acrylic acid (AAc)-

based gels 

Micromachines/ 

microtransformer 

Programmable modular design, 

sophisticated shape transformation 
[19] 

pH BSA protein 
3D smart 

microstructures 

Controllable morphology and responsive 

properties, panda-face microrelief, microsieves 
[116] 

pH BSA protein, SU-8 

Artificial 

musculoskeletal 

systems 

Programmable and seamless muiti-material 
integration, sensitive response, good stability 

[215] 

pH NIPAM/AAc-based gels 
Microjoints/ 

microcrawlers 

Multiple controllable/encodable locomotion, 

excellent speed (0.15 body length s-1) and 

efficiency (1.1 body length per step) 

[218] 

pH DMAEMA hydrogel Microactuator 
Precise microparticle manipulation, good 

reversibility/stability, deformation time of 1.2 s 

and recovery time of 0.3 s 

[221] 

pH AAc-based hydrogel Microactuator 
Multiple degrees of freedom, 

selective microparticle manipulation, 

high response speed (<500 ms) 

[222] 

Humidity PEG-DA hydrogel Micro-worm robot 
Motion on smooth glass surface, 

controllable and excellent carrying capacity 
[227] 

Solvent 
Methacrylate-based 

photopolymer 
Microactuators 

Tunable and reversible deformation, rapid 

response (1 s for 30% shrinkage, 0.4 s for 

recovery) 

[241] 

Stress 
IP-S and 

urethane(meth)acrylate resin 
Microobject 
manipulator 

Wide applicability (dry/wet, smooth/rough), 
unprecedented switching ratio > 104 

[248] 

Biomedical 
engineering 

Magnetic/ 

light 

IP-S photoresist, 

nickel, titanium 
Targeted drug delivery 

Superior locomotion capability, high payloads, 

strong protection, free from complex drug 
modification, rapid release 

[176] 

Magnetic 
TMPETA hydrogel, 

iron oxide nanoparticles 

Therapeutic 

stem cell delivery 

Precise motion control, 

high mechanical strength and stability 
[179] 

Magnetic IP-Dip photoresist, Fe 
Sperm cell 

delivery/release 
Biocompatibility, 

great swimming ability in complex biofluids 
[183] 

Magnetic/ 

light 

IP-S photoresist, iron oxide 

nanopowder, Au nanostars 
Precise drug delivery 

High drug-loading efficiency, 

drug release speed control, biocompatibility 
[252] 
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Magnetic 
IP-S photoresist, 

nickel/titanium oxide 

Neural networks 

connection 

Precise alignment/connections mediation, 

reproducible/selective/precise connectivity 
[257] 

Magnetic IP-Dip photoresist, Fe Targeted drug delivery 
High propulsion in flowing blood, 

biocompatibility 
[263] 

Light 

Acrylamide-modified gelatin 

hydrogel, 
azobenzene molecule 

Cell confining and 

stimulation 

Great biocompatibility and biodegradability, 

on-demand mechanical stimulation 
[57] 

pH/magnetic 
AAc-based hydrogel, 

Fe3O4 nanoparticles 
Targeted drug delivery 

Complex functions, 

controllable drug encapsulation/release 
[10] 

pH PDMS, AAc-based hydrogel Sustained drug release 
Dynamic speed control, 

reversible switch gating, good versatility 
[56] 

Solvent 

β-cyclodextrin acrylamide 

and adamantane acrylamide-

based host-guest hydrogel, 

TMPETA/PETA hydrogel 

Cell stimulation 
Inherent scalability, 

well-defined microenvironment, flexibility 
[262] 

Optical devices 

Light 
Thiol-ene photo-clickable 

resin, donor-acceptor 

Stenhouse adducts 

3D photochromic 

microobjects 

Reversible photoswitching, 
dynamic color-tuning, modularity, scalability, 

highly complex microstructure 

[198] 

Temperature PNIPAM-based hydrogel Structural colors 
Reversible, superior repeatability, 

convenient in-situ temperature monitoring 
[92] 

Temperature LCE Polarization colors 
Dynamic color-changing capabilities, 

temperature sensing 
[209] 

Temperature 
Photochromic glass 

doped with rare earth ions 
Optical 

information storage 
Excellent erasability/rewritability, 

3D information storage, nondestructive reading 
[269] 

Temperature 
Developed 

AAc-based SMP resin 
Reconfigurable 
nanophotonics 

High-resolution reconfigurable structural color 

prints (DPI ~21 150) and holograms, 

programmable configuration 

[276] 

pH BSA protein 
Artificial 

compound eyes 

Uniform optical focusing capability, 

adjustable field of view (35°~80°), 

variable focal length (~400%), 
flexible optical component integration 

[52] 

pH Phenylboronic acid hydrogel 
Volume 

diffractive gratings 
Customized subsurface gratings [274] 

pH 
Modified 

AAc-based hydrogel 
Submerged 

structural colors 
Wide color range, reversible colorswitching, 

biocompatible operation, rapid response 
[275] 

Humidity PEG-DA hydrogel 
Photonic-molecular 

microcavities 

Controllable coupling, stable WGM emission, 

high quality factor ~2.9 × 103 
[226] 

Humidity/ 
temperature 

Supramolecular cholesteric 
LC photonic photoresist 

Structural colors 
Dual-responsive, high-resolution, 

feature size < 200 nm 
[228] 

Solvent Acrylamide-based hydrogel 
Spiral 

photonic structures 

Great spectral and structural color 

reproducibility/reversibility, 

wide gamut of structural colors, 
improved intensity, predictable uniform color 

[236] 

Stress 
Ductile stainless steel, 

polyvinyl siloxane elastomer 
Structural colors 

Reversible color change, 

no chemical/biochemical treatment, scalability 
[240] 

Multifunctional 

surfaces 

Magnetic 
Polystyrene SMP, PDMS, 

carbonyl iron powder 

Dynamic regulation 

structured surfaces 

Reversible switching of 
wettability/color/optical transparency, 

multiple novel functions 

[50] 

Light Epoxy SMP, RGO 
Recoverable 

superhydrophobic 

surface 

Sunlightdriven fast response, 
superior durability and chemical stability, 

complete recoverability 

[200] 

Temperature Epoxy SMP 
Smart 

superhydrophobic 

surfaces 

Anisotropic wettability transition, 
large-range adhesion switchablity, 

multifunction platform 

[21] 

Electric 
PDMS, paraffin, 
silver nanowires 

Smart slippery 
surfaces 

On-demand optical and wetting properties, 

good flexibility/reconfigurability, 
fast response (20 s action, 8 s recover), 

diverse liquids control 

[237] 

Electric 
PTFE, epoxy resin SMP, 

silver nanowires 
Smart window 

Reversible conversion of droplet adhesion and 
optical transparency, fast response within 60 s, 

in situ control, robust durability 

[243] 

Stress/ 

magnetic 

PTFE, PDMS, carbonyl iron 

powder, silicone 

Tri-switchable 

wettability surface 

In-situ reversible multiple wettability, 

multimaterial integration, simple but effective 
[234] 

Droplet/bubble 

manipulation 

Magnetic 
Polystyrene SMP, PDMS, 

carbonyl iron powder 
3D multidroplet 

manipulation 

Rapid horizontal propulsion (∼58.6 mm·s-1), 

multidroplet parallel-capture/selective-release, 

continuous fluid and liquid metal manipulation 

[51] 

Magnetic/ 

light 

Silica gel, epoxy resin SMP, 

iron particles 

Versatile droplet 
manipulation, 

information encryption 

Noncontact in-situ reversible reconfiguration, 

dual response, multifunctionality 
[142] 
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Magnetic 
PTFE, carbonyl iron powder, 

PDMS, silicone oil 

Multi-substance 

transport 

Multi-substance applicability, full-angle active 

transport, contactless microchemical reaction 
[163] 

Magnetic 
PTFE, carbonyl iron powder, 

PDMS 

Multiple-droplet 

selective manipulation 

Rapid droplet movement (~80 mm·s-1), 

programmable and multimodal manipulation 
[288] 

Light 
PDMS, candle-soot 

nanoparticles, silicone oil 
Various prodrug 

droplets manipulation 

Arbitrary-direction actuation (> 1.0 mm·s-1), 

nondestructive merging/sorting,  
self-cleaning/deicing ability,  

high-throughput drug toxicity screening 

[289] 

Temperature 
Diglycidyl ether of 

bisphenol A-based SMP 
Bubble 

multi-manipulation 
Controllable adhesion transition, 

full-direction loss-less bubble manipulation 
[291] 

Humidity GO membrane, soybean oil 
Active and passive 

droplet manipulation 

Enhanced trapping ability, biocompatibility, 

large deformation curvature (1.4 cm–1), 

short response/recovery time (7.9/6 s) 

[229] 

Stress PDMS, silicone oil 
Facile 

bubble manipulation 

Simple regulation, in situ reversible wettability 

switching, great durability/repeatability 
[290] 
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