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Abstract Surface microstructures driven by photoresponsive polymers, as dynamically reconfigurable intelligent
micro/nanostructured systems, have emerged as a prominent research hotspot in the field of micro/
nanomanufacturing, benefiting from their unique advantages including noncontact manipulation, large-area
scalable fabrication and high spatiotemporal resolution. This review systematically summarizes the recent research
advances in this thriving field and elaborates as well as systematically compares two core formation mechanisms
of surface microstructures. The first is the fluid mass transport mechanism dominated by Marangoni flow, where
surface tension gradients drive the directional migration of polymer chains to achieve nanoscale high-fidelity
pattern replication. The multidimensional regulation laws of microstructures governed by key factors including
surface tension, photomask periodicity, free volume and solvent-mediated strategies are comprehensively revealed.
The second refers to the solid mechanical instability mechanism originating from modulus mismatch (gradient
crosslinking). By constructing localized modulus mismatch in polymer films, stress relaxation is triggered to
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induce mechanical buckling, enabling the facile fabrication of microscale large-deformation and complex ordered

surface microstructures. On this basis, the state-of-the-art applications of such photoresponsive surface

microstructure systems in cutting-edge fields including optical encryption, flexible electronics are further

recapitulated. Finally, the existing challenges such as precision bottlenecks and multi-stimulus synergistic

regulation are prospected, offering valuable insights for the future development of this promising research area.

Keywords Photoresponsive polymers; Surface microstructures; Marangoni flow; Modulus mismatch; Multi-

stimulus responsiveness
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Fig. 1 Schematic illustration of two formation mechanisms for surface microstructures fabricated via UV mask exposure and solvent

development, marangoni flow driven mass transport and modulus mismatch-induced mechanical instability.
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Fig. 2 (a) Schematic illustration of the “photoinduced dehydrogenation-thermal development” fabrication process; (b) Reaction scheme
of UV-induced dehydrogenation of polystyrene backbones to form carbon-carbon double bonds, fluorescence spectra confirming the
generation of stilbene-like dehydrogenated products, and the evolution of double bond conversion and water contact angle of polystyrene
films as a function of UV exposure dose (Reprinted with permission from Ref. [73]; Copyright (2012) American Chemical Society).
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Fig. 3 (a) Two exposure sequences for light-controlled photopatterning of azobenzene polymers, demonstrating the reversible regulation
of protrusions and depressions induced by Marangoni flow during the development stage; (b) Corresponding AFM morphological

characterization (Reprinted with permission from Ref. [35]; Copyright (2016) American Chemical Society).
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Fig. 4 (a) Cross-sectional AFM profiles of surface relief gratings induced by Marangoni flow on PCPBz films coated with 2-10 layers

of azobenzene (PAz) photoresponsive skin layers; (b) Topography curves of PAz films capped with photo-inert PC18 monolayer, which

blocks interfacial surface tension gradient and suppresses mass transport, verifying photoinduced surface tension gradient as the

dominant driving force for Marangoni mass transfer in liquid crystalline systems; (c) AFM morphologies, height profiles and grating

amplitude variation with PC18 layer number for PC18-capped PAz films; the ultra-thin inert barrier effectively blocks interfacial

surface tension gradient and suppresses Marangoni mass transport, further verifying surface tension gradient as the dominant driving

force (Reprinted with permission from Ref. [72]; Copyright (2020) Open Access).
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Fig. 5 (a) Schematic illustration of two dissipation-dominated regimes and representative kinetic curve of topography evolution for the

single-layer polymer system (Reprinted with permission from Ref. [39]; Copyright (2022) American Chemical Society); (b) Schematic

of polymer bilayer architecture and dual-interface topography evolution behavior (Reprinted with permission from Ref. [40]; Copyright

(2023) American Chemical Society).
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Fig. 6 (a, b) The final morphologies of the thin film at large (w=4) and small (w=0.5) exposure widths, respectively, demonstrating

the modulation effect of exposure width on the height and spacing of surface microstructures; (c, d) Correspond to the w-M and w-K,

process maps, which demarcate the parameter boundary between ideal templating and pattern mismatch, and characterize the

matching behavior between photomask feature sizes and the resulting patterned structures (Reprinted with permission from Ref. [42];

Copyright (2022) Elsevier).
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Fig. 7

(a) AFM topographies and cross-sectional profiles of surface microstructures on the thin film after single exposure through

5-, 10-, and 20-pm-wide transparent photomask stripes; (b) AFM topographies and cross-sectional profiles of surface microstructures

on the thin film after single exposure through 5-, 10-, and 20-pm-wide opaque photomask stripes; (c) Schematic illustration of the

mechanism whereby solvent drag flow and Marangoni flow compete to dominate the direction of mass transport with increasing
feature width (Reprinted with permission from Ref. [22]; Copyright (2024) Open Access).
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Fig. 8 (a) Surface morphology evolution under different solvent contents; systems with high solvent content (high free volume) form
deeper grooves and more pronounced wrinkling morphology, while systems with low solvent content (low free volume) form shallower
surface features (Reprinted with permission from Ref. [68]; Copyright (2025) Springer Nature); (b) Schematic illustration of free
volume regulation, along with the synchronous evolution of the grating aspect ratio (Reprinted with permission from Ref. [53]; Copyright
(2024) Elsevier).
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Fig. 9 (a) Mask-assisted UV patterning constructs periodic trans-cis isomerization latent patterns; subsequent solvent development

triggers Marangoni flow, which drives directional cis—frans mass transport of the underlying azopolymer via interfacial drag effect;

(b) The surface energy gradient, intrinsic polymer mobility, solvent-polymer matching compatibility, and immersion time collectively

govern the evolution of surface morphology, ultimately yielding sinusoidal surface relief microstructures (Reprinted with permission

from Ref. [21]; Copyright (2023) American Chemical Society).
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with permission from Ref. [65]; Copyright (2024) John Wiley and Sons); (b) Surface patterns of the sample upon the first and second
selective UV irradiation (Reprinted with permission from Ref. [32]; Copyright (2024) John Wiley and Sons).
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Fig. 12 (a) Schematic illustration of time-dependent anticounterfeiting application and thermal recovery of grating patterns in a

liquid-crystalline azobenzene system (Reprinted with permission from Ref. [65]; Copyright (2024) John Wiley and Sons); (b) Schematic

illustration of erasable dynamic surface gratings for information labels in a side-chain azobenzene-containing polyamic acid system
(Reprinted with permission from Ref. [53]; Copyright (2024) Elsevier).
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Fig. 13 Representative photocrosslinking polymer systems for modulus mismatch-driven wrinkle formation. (a) Schematic of the

anthracene-based reversible wrinkle system, illustrating the wrinkle fabrication via 365 nm UV-induced crosslinking and the multi-
stimuli responsive erasure of anticounterfeiting patterns under 254 nm UV or heating (Reprinted with permission from Ref. [24];
Copyright (2019) American Chemical Society). (b) Schematic of the acrylate liquid crystal-based wrinkle system, showing the
procedures of shear coating, photopolymerization, and pattern transfer for switchable visible/invisible information encryption
(Reprinted with permission from Ref. [26]; Copyright (2022) John Wiley and Sons). (¢) Schematic of the dihydropyridine-based
multi-responsive wrinkle system, demonstrating the mask-assisted patterned wrinkle fabrication and its application in multi-level QR

code encryption under acid/heat/light regulation (Reprinted with permission from Ref. [25]; Copyright (2024) Open Access).
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surface microstructures (Reprinted with permission from Ref. [67]; Copyright (2024) Open Access).
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