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Micro-/Nanohierarchical Structures Physically Engineered
on Surfaces: Analysis and Perspective

Junseong Ahn, Hyeonseok Han, Ji-Hwan Ha, Yongrok Jeong, Young Jung, Jungrak Choi,
Seokjoo Cho, Sohee Jeon, Jun-Ho Jeong,* and Inkyu Park*

The high demand for micro-/nanohierarchical structures as components of
functional substrates, bioinspired devices, energy-related electronics, and
chemical/physical transducers has inspired their in-depth studies and active
development of the related fabrication techniques. In particular, significant
progress has been achieved in hierarchical structures physically engineered
on surfaces, which offer the advantages of wide-range material compatibility,
design diversity, and mechanical stability, and numerous unique structures
with important niche applications have been developed. This review
categorizes the basic components of hierarchical structures physically
engineered on surfaces according to function/shape and comprehensively
summarizes the related advances, focusing on the fabrication strategies, ways
of combining basic components, potential applications, and future research
directions. Moreover, the physicochemical properties of hierarchical
structures physically engineered on surfaces are compared based on the
function of their basic components, which may help to avoid the bottlenecks
of conventional single-scale functional substrates. Thus, the present work is
expected to provide a useful reference for scientists working on
multicomponent functional substrates and inspire further research in this
field.

1. Introduction

Micro-/nanohierarchical structures physically engineered
on surfaces have received significant attention and are in
high demand owing to their utility in applications including
contact angle manipulation,[1–6] bioinspired adhesives,[7–27]

energy conversion/storage/harvesting devices,[28–30] and phys-
ical/chemical/biological sensors.[31–37] In addition, hierar-
chical structures have unique physicochemical properties
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originating from synergistic effects of con-
stituent micro-/nanostructures.[38–41] These
micro-/nanostructures are developed using
various physical engineering methods such
as casting, patterning by laser processing,
nanowelding, patterning/wrinkling by me-
chanical deformation, spraying, thermal ex-
pansion/shrinkage, and imprinting. Then,
hierarchical structures are constructed by
combining two or more different struc-
tures with different scales (i.e., the scale
of one component usually exceeds that
of the other by one or more orders of
magnitude)[19,21,42] or shapes (e.g., micropil-
lars topped by microtips).[8,9,11,14,16,17,20,22]

Although the individual components gen-
erally exhibit elevated specific surface area
and roughness, based on their unique main
function and shape, the building blocks
of physically engineered hierarchical struc-
tures can be classified into five groups,
namely rationally designed micropatterns,
wrinkles, fibers, ordered nanopatterns, and
random structures. Rationally designed mi-
cropatterns are used to tune substrate
mechanical characteristics or impart the

designed surface profile with uniformity (i.e., sample-to-sample
variation),[43–50] while wrinkles can provide increased specific sur-
face area and roughness with high robustness or stretchable
highly dense curved structures.[51–53] Fibers (i.e., high-aspect-
ratio pillars) are used to increase the active specific surface
area and thus strengthen chemical reactions or van der Waals
forces acting on the contact surface.[10,13,15,54,55] Ordered nanopat-
terns can provide increased nanoscale surface roughness for
hydrophobicity/hydrophilicity tuning or unique nanophotonic
properties such as structural color,[56,57] while random structures
(e.g., random nanomaterials and microspheres) are mainly used
to endow the surface with catalytic activity, chemical reactiv-
ity, or electrical conductivity and easily increase specific surface
area and roughness.[30,58–60] Therefore, numerous functional sub-
strates based on hierarchical structures can be realized by com-
bining the abovementioned building blocks in various ways. For
example, an integrated structure combining wrinkles and a ran-
dom conductive nanomaterial exhibited high surface roughness
together with high surface conductivity and was used to fabri-
cate a high-performance triboelectric nanogenerator (TENG).[30]

Gecko-inspired adhesives fabricated by combining micropatterns
and fibers to achieve cumulative van der Waals interactions
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Table 1. Types, materials, fabrication methods, functions, and limitations of the individual components of micro-/nanohierarchical structures physically
engineered on surfaces.

Components Fabrication methods (materials) Main functions Limitations

Rationally designed
micropatterns

Casting process (PDMS,[66,67] Ecoflex,[67] Dragon
Skin[68]) or micropatterning using
photolithography[65]

Mechanical property tuning; formation of
designed micropatterns

Low compatibility with soft
substrates, low aspect ratio
(e.g., 2D)

Wrinkles Application of heat treatment to thermally shrinkable
materials (PS[83])

Provision of highly elevated specific surface area
and roughness; highly dense stretchable
curved structures[51–53]

Need for stretchable or thermally
deformable substrates, low
reliability and uniformityApplication of prestrain to stretchable substrates

(PDMS,[93,94] Dragon Skin[62])

Fibers Imprinting using AAO templates,[10] physical transfer
of fibers (CNTs),[15] and mechanical shear forces for
fiber sealing[13]

Contact area increase for adhesion force
enhancement; formation of nanoscale air
gaps to achieve hydrophobicity

Low mechanical robustness

Random structures Dry/wet etching,[117] thermally expandable
microspheres,[116] laser patterning,[119] molding
from naturally/artificially formed rough
substrates[117]

Facile realization of surfaces with high catalytic
activity, chemical reactivity, or electrical
conductivity; increased specific surface area
and roughness[30,58,59]

Low reliability, uniformity, and
mechanical robustness

Ordered nanopatterns Nanoimprinting lithography,[56] nanotransfer
printing,[62] dry/wet etching[192]

Provision of increased nanoscale surface
roughness for hydrophobicity/hydrophilicity
tuning; realization of unique optical
properties such as structural color[56,57]

Low design diversity, need for
expensive equipment to
fabricate master mold

showed high performance due to their large specific surface area
and number of hairs (i.e., contact splitting principle)[55] as well as
contact surface compliance caused by decreased structural stiff-
ness coupled with mechanical stability.[10,15,61]

Hierarchical structures constructed by combining basic com-
ponents feature a primary structure, which imparts or dramat-
ically enhances the main function, and a secondary structure,
which is combined with the primary structure to support the
main function of the primary structure by obtaining synergis-
tic effects. Thus, hierarchical structures can be categorized de-
pending on the type of their main component (i.e., primary struc-
ture). This review categorizes the main components of micro-/
nanohierarchical structures physically engineered on surfaces ac-
cording to function and shape (Table 1), summarizing the re-
cent research trends and potential applications while focusing
on the combinations of different components with unique func-
tionality (Figure 1 and Table 2). Initially, we deal with the mate-
rials and methods used to fabricate each hierarchical structure
type and discuss representative examples and their structural
characteristics. Several recent strategies developed to overcome
the existing limitations and realize better-performing hierarchi-
cal structures are presented, and their diverse niche applications
(e.g., hydro-/omniphobic surfaces, bioinspired adhesives, elec-
trodes/membranes for energy conversion/storage/harvesting de-
vices, and physical/chemical/biological sensors) as well as basic
working principles and requirements are discussed. Finally, we
mention the existing challenges and present future research di-
rections.

2. Types of Micro-/Nanohierarchical Structures
Physically Engineered on Surfaces

As discussed in the Introduction section, the main components
of hierarchical structures can be categorized into five types (ratio-
nally designed micropatterns, wrinkles, fibers (high-aspect-ratio
pillars), ordered nanopatterns, and random structures) according

to their main functions and shapes. Ordered-nanopattern-based
hierarchical structure is excluded from this review because, with
the exception of a few optical applications, ordered nanopatterns
mainly act as secondary structures rather than primary struc-
tures. Usually, ordered nanopatterns are used as primary struc-
tures to facilitate a main function only in optical applications,
such as nanophotonic devices based on plasmonic phenomena.
However, these nanophotonic devices can be realized using only
ordered nanopatterns without any supporting hierarchical struc-
tures and are, therefore, outside the scope of our review. In terms
of performance enhancement, typically, ordered nanopatterns
support the main function of the primary structure through syn-
ergistic effects. For instance, recent studies have demonstrated
that ordered nanopatterns and wrinkle hierarchical structures
can improve contact angle and TENG performance, but the ef-
fect is primarily due to wrinkles, and the ordered nanopatterns
had a supporting synergistic effect.[62] Another example is con-
tact angle manipulation using hierarchical structures based on
ordered nanopatterns and micropyramidal arrangements. Previ-
ous research revealed that the micropyramid pattern functioned
as the primary structural element for manipulating contact angle
and mechanical properties, while the ordered nanopatterns had a
supplementary role.[51] Nevertheless, ordered nanopatterns have
been widely used as secondary structures in various hierarchical
structures for improving hydrophobicity and modulating surface
roughness.[63,64] Therefore, herein, we describe only four types
of hierarchical structures, i.e., those with rationally designed mi-
cropatterns, wrinkles, fibers, and random structures as the pri-
mary component.

2.1. Physically Engineered Hierarchical Structures Based on
Rationally Designed Micropatterns

When used as the primary component, rationally designed
micropatterns can not only provide advantageous mechanical
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Figure 1. Hierarchical structures obtained by combining two different components. a) Schematic illustrations of the five components classified according
to their main function and shape. b) Representative SEM image of micropattern-based hierarchical structure combining microscale tips and micropillars.
c) High-magnification image of the structure in (b). b,c) Reproduced with permission.[7] Copyright 2009, Wiley-VCH. d) Representative SEM image of
wrinkle-based hierarchical structure composed of T-shaped nanostructures on a wrinkled microstructure. e) Side-view image of the structure in (d). d,e)
Reproduced with permission.[6] Copyright 2018, The Authors, Published by American Association for the Advancement of Science. From ref. [6]. © The
Authors, some rights reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 license http://creativecommons.org/licenses/by-nc/4.0/.
Reprinted with permission from AAAS. f) Representative SEM image of fiber-based hierarchical structure featuring microscale patterned polystyrene
nanopillars. g) Side-view image of the structure in (f). f,g) Reproduced with permission.[13] Copyright 2017, American Chemical Society. (https://pubs.
acs.org/doi/10.1021/acsnano.7b04994; further permissions related to the material excerpted should be directed to the ACS) h) Representative SEM
image of a random-structure-based hierarchical structure featuring microscale valleys and ridges. i) High-magnification image of the structure in (h).
h,i) Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0)
license.[60] Copyright 2020, The Authors, Published by MDPI.

properties such as high stability, strength, and flexibility, but also
allow for the microscale construction of the designed surface
profiles with high uniformity. In general, rationally designed
micropatterns are fabricated using top-down processes includ-
ing photolithography,[45–49] reactive ion etching, and e-beam

evaporation[65] and can act as molds for elastomers (e.g., soft
lithography).[66–68] Despite their high quality (i.e., precise pat-
ternability and process reproducibility), micropatterns fabricated
by top-down processes have several drawbacks. For example,
simple, planar single micropatterns are notvery functional
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Table 2. Representative examples (grouped according to unit components, unique characteristics, and applications) of recently reported micro-/
nanohierarchical structures constructed by combining two or more components.

Reference Primary structure Secondary structure Unique characteristics Applications

Fabrication method Fabrication method

[20] Rationally designed
micropattern (PDMS)

Rationally designed
micropattern (PDMS)

Hierarchical structure with
different shapes, mechanical
properties tuned according
to structure dimensions,
inspired by gecko’s toe pads
to enhance van der Waals
forces and contact splitting
principle

Bioinspired dry/wet adhesives
for industrial automated
processes, robots, smart
manipulators, grippers

Photolithography and casting Photolithography and casting

[69] Rationally designed
micropattern (Metal)

Nanopattern (Metal) Structure nanotransferred
onto an arbitrary surface
without chemicals, optical
properties adjusted by
rationally designed
nanopattern to achieve
enhanced security pattern

Raman spectroscopy (SERS)
substrates, security
patterns, optics,
metamaterials

Photolithography and e-beam
evaporation

Photolithography, e-beam
evaporation, thermal
treatment, and nanowelding

[73] Rationally designed
micropattern

Random nanostructure
(polyimide, single-walled
carbon nannotubes
(SWCNTs), MOFs, metal
oxide)

High specific surface area,
high specific capacitance,
excellent electrochemical
performance, simplicity,
easy customization, and
broad application scope

Energy storage devices
(microbatteries,
micro-supercapacitors),
electronics

Laser patterning on substrate Laser processing

[62] Wrinkle (Dragon Skin and Au) Rationally designed
micropattern (Dragon Skin)

Superhydrophobicity, large
contact area, mechanical
robustness, nanoscale sharp
pattern edge for electron
concentration, and uniform
mechanical
contact/separation

Superhydrophobic TENGs for
cough detection

Ordered nanopattern (Au)

Attachment of stiff skin layer
on prestrained elastomer
followed by release

Photolithography

Nanotransfer printing

[52] Wrinkle (PS and PVP) Wrinkle (PS and PVP) Large effective area, highly
enhanced catalytic behavior,
and superaerophobicity

Catalytic substrate for
hydrogen evolution reaction

Thermal shrinkage of substrate
with sacrificial layer

Thermal shrinkage of substrate
with sacrificial layer

[30] Wrinkle (PDMS) Random nanostructure
(AgNWs)

Electrically conductive
network, large contact area,
high roughness, mechanical
robustness, and
pressure-dependent
effective contact area

Mechanical energy harvester
and self-powered pressure
sensor based on TENG for
electronic skin

Plasma treatment of
prestrained elastomer
followed by release

Drop casting and embedding

(Continued)
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Table 2. (Continued).

Reference Primary structure Secondary structure Unique characteristics Applications

Fabrication method Fabrication method

[10,102,111] Fiber (PSS and PDMS) Rationally designed
micropattern

Contact area enhancement,
increased chemical reaction
region, good adhesion
properties, and
superhydrophobicity

Dry adhesive, functional
surface

Imprinting using AAO
template

Photolithography and molding

[15] Fiber (CNTs) Rationally designed
micropattern

Contact area enhancement,
increase in van der Waals
forces, good adhesion
properties, and
superhydrophobicity

Dry adhesive, functional
surface, self-cleaning
surface

Transfer of aligned CNTs Photolithography and molding

[13] Fiber (PDMS and PS) Rationally designed
micropattern

Contact area enhancement,
increase in chemical
reaction region, good
adhesion properties, and
superhydrophobicity

Bioinspired dry adhesive,
functional surface

Imprinting using AAO
template

Molding and mechanical shear

[116] Random structure (PDMS) Ordered nanopattern (PDMS) Hydrophobicity, large surface
area, high roughness,
mechanical robustness, and
dome-like surface
morphology

TENG for mechanical energy
harvesting, water harvesting
device capturing water from
fog

Thermal expansion of
randomly distributed
microspheres

Nanoimprinting lithography

[125] Random structure (PDMS) Random structure (Ag MFs) Electrically conductive
network, different scale
contact mechanisms: i)
nanoscale pressure-induced
contact and ii) microscale
compression-induced
deformation

Wide-range pressure sensor
for electronic skin

Molding using sandpaper Drop casting and embedding

[115] Random structure (polymer
nanofibers)

Random structure (AgNWs
and graphene flakes)

Electrically conductive
network, mechanical
robustness, high roughness,
pressure-dependent
effective contact area, and
bulk free volume

Highly sensitive pressure
sensors for physiological
signal monitoring and
detection of spatial pressure
distribution

Electrospinning Electrospraying

without secondary structures (e.g., microtip on micropillar),
fabricated by additional top-down processes to obtain synergistic
effects. In addition, single micropatterns do not provide surface
property modification (e.g., hydrophilicity/hydrophobicity) or
optical property, as those properties are achieved using nanos-
tructures, and exhibit a relatively low surface area to volume ratio
without add-on structures. Finally, unlike the facile and scalable
processes used to fabricate wrinkles or random structures, top-
down processes use expensive materials and equipment. Despite
these limitations, owing to the strong advantages of top-down
processes (i.e., precise patternability, reproducibility, and unifor-

mity), rationally designed micropatterns can be combined with
different components (micropattern–micropattern,[8,9,12,14,17]

micropattern–wrinkle,[62] micropattern–nanopattern,[69,70] and
micropattern–random structure[71–73] combinations) to produce
physically engineered hierarchical structures with superior
characteristics. Micropattern-based hierarchical structures have
potential applications in fields such as sensors,[74] dry/wet
adhesives,[7–24] optical security patterns,[69,70] bioelectronics,[73,75]

wearable devices,[72,75] and energy storage devices.[72] In the
following paragraph, we summarize the strategies used to
construct practically applicable micropattern-based hierarchical
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structures and overcome the limitations of single-micropattern
structures.

Hierarchical structures consisting of two components with
different shapes (e.g., micropattern–micropattern) feature tun-
able mechanical properties and designable surface profiles suit-
able for target applications and have primarily been devel-
oped by researchers working on bioinspired adhesives.[7–24] Mi-
cropillars topped by microtips are a representative example
of micropattern–micropattern hierarchical structures, and this
structure can provide improved functionality (e.g., enhanced ad-
hesion) compared to single micropatterns. Ding and co-workers
fabricated micropattern–micropattern hierarchical structures by
replica molding (a physical engineering method) using pho-
tolithography and soft lithography (Figure 2a).[23] In this case, a
top-down photolithographic process was sequentially applied to
both sides of a silicon wafer to fabricate a master mold for the hi-
erarchical structure with rationally designed micropatterns (mi-
cropillars topped by microtips). The top side of the spin-coated
photoresist (PR) layer was irradiated with UV light through a pho-
tomask, and the back side of the PR layer was then irradiated
with UV light in a relatively short period of time (Figure 2a(i)).
Subsequently, the PR layer was developed to complete a mold
for the microtip-on-micropillar array in Figure 2a(ii). Finally,
a soft elastomeric material, polydimethylsiloxane (PDMS), was
poured into the mold (Figure 2a(iii)), and the hierarchical struc-
ture of the microtip-on-micropillar array was then replicated
by demolding (Figure 2a(iv)). By integrating these processes
into a roll-to-roll continuous production system, Kwak and co-
workers not only enhanced productivity but also demonstrated
the feasibility of using a dry-adhesive-based robotic arm for glass
transportation.[17] Hensel and co-workers (Figure 2b) and Xue
and co-workers (Figure 2c) also fabricated hierarchical struc-
tures consisting of micropillars and microtips for use as dry
adhesives.[8,9,14]

Jeong and co-workers proposed nanowelding process, which is
a physical engineering method, for a variable-scale micropattern–
nanopattern physically engineered hierarchical structure to mod-
ify the surface properties of the rationally designed micropatterns
and achieve optical property modulation (Figure 2d).[69] First, Au
micropillar structures were generated on a wafer after the de-
position of a thin Cr adhesion layer via e-beam evaporation us-
ing a shadow mask and e-beam evaporation (Figure 2d(i),e). In
addition, a polymeric stamp produced by nanoimprint lithogra-
phy was used as a designated stamp for nanotransfer. In the sec-
ond step, the target material was deposited on the nanopatterned
polymeric stamp by e-beam evaporation (Figure 2d(ii)), and nan-
otransfer was then conducted by modulating process conditions
such as temperature, pressure, and time (Figure 2d(iii, iv),f). In
this research, Jeong and co-workers developed a strategy for the
nanopatterning (e.g., nanotransfer) on a micropattern, overcom-
ing the disadvantages of e-beam-lithography-based nanopattern-
ing (high cost, complicated process, time-consuming nature, and
non-reusability) through the use of a nanowelding technique that
can be applied to any curved target surface and does not require
the presence of a chemical adhesive between nanopattern and tar-
get surface. In view of nanoscale optical property modulation, the
hierarchical micropattern–nanopattern structure can potentially
be used in security identification, optics, and metamaterials.[69,70]

As another option for micropattern-based physically engi-
neered hierarchical structures, the combination of random struc-
tures with rationally designed micropatterns can resolve the is-
sue of low surface area to volume ratio of single micropat-
terns and endow excellent chemical reactivity, electrical conduc-
tivity, high specific surface area, and catalytic activity. In ad-
dition, the fabrication method for micropattern–random struc-
tures can lead to a facile and scalable approach without ex-
pensive materials and equipment, compared to the fabrication
method for single-micropattern structures. Zhou and co-workers
proposed patterning by laser processing using a physical en-
gineering method known as laser-induced carbonization (LIC)
to generate micropattern–random hierarchical structures for
micro-supercapacitors using metal–organic frameworks (MOFs)
(Figure 2g). LIC provides process efficiency, as it does not involve
common fabrication processes such as mask preparation, pho-
tolithography, etching, e-beam, sputtering, and liftoff. Initially,
a solution containing functional organic materials is deposited
on a substrate through drop casting (Figure 2g(i)). Then, mi-
croscale interdigitated electrodes are produced by CO2 laser pat-
terning (Figure 2g(ii, iii)). In the final step, the fabricated elec-
trodes are washed off to remove the coated solution and residues
and thus afford a micropattern-random hierarchical structure
(Figure 2g(iv),h). LIC has also been used by other research groups
for the scalable fabrication of micropattern-random hierarchi-
cal structures as micro supercapacitors for high-performance en-
ergy storage (Figure 2i).[71–73,75–77] Advances in patterning using
CO2 laser processing to fabricate micropattern–random hierar-
chical structures presented potential applications in wearable bio-
electronics for diverse physiological signal measurements, such
as measurements of electrocardiogram (ECG) and biochemi-
cal parameters (e.g., glucose, calcium, and pH) of sweat.[75,77]

CO2 laser processing technique described above is not the
only method used to fabricate hierarchical structures. Other
laser sources, such as nanosecond fiber laser[78] and femtosec-
ond laser,[79,80] have also been used to create diverse hierarchi-
cal structures for various applications, including antireflective
applications,[79,80] anti-counterfeiting applications,[79] and energy
and sensing devices.[78]

Add-on structures such as other micropatterns, wrinkles,
nanopatterns, and random structures have been actively de-
veloped to impart superior functionality to micropatterns (i.e.,
synergistic effect) that act as basis for the desired mechan-
ical properties. In particular, micropattern–micropattern hier-
archical structures have been mainly studied for application
as dry/wet adhesives.[7,8,10–24] Micropattern–nanopattern hier-
archical structures were developed to exhibit surface modi-
fication (e.g., hydrophobicity and hydrophilicity) and optical
properties.[69,70] In view of their high specific surface area and ex-
cellent catalytic activity, micropattern–random hierarchical struc-
tures easily produced using LIC have been used to fabricate su-
perior supercapacitors for energy storage devices and wearable
electronics.[71–73,75,77] By combining the advantages of micropat-
tern structures (e.g., precise patternability and reproducibility)
and the synergistic effects of add-on structures (e.g., micropat-
terns, wrinkles, nanopatterns, and random structures), one can
produce hierarchical structures free from the drawbacks of
single-micropattern structures.
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Figure 2. Various types of micropattern-based physically engineered hierarchical structures. a) Representative replica molding process used to fabri-
cate hierarchical structures composed of two rationally designed micropatterns. b,c) SEM images present the structures in (a). b,c) Reproduced with
permission,[9] Copyright 2019, The Authors, published by Wiley-VCH. c) Reproduced with permission,[14] Copyright 2020, Wiley-VCH. d) Representa-
tive nanowelding process used to fabricate hierarchical structures composed of rationally designed micropatterns and ordered nanopatterns. e,f) SEM
images present the structures in (d). e,f) Reproduced with permission.[69] Copyright 2019, American Chemical Society. g) Representative patterning
process by laser processing used to fabricate hierarchical structures composed of rationally designed micropatterns and random structures. h,i) SEM
images present the structures in (g). h) Reproduced with permission,[70] Copyright 2021, Wiley-VCH. i) Reproduced with permission,[81] Copyright 2021,
Elsevier.

2.2. Physically Engineered Hierarchical Structures Based on
Wrinkles

When used as the primary component of hierarchical struc-
tures, wrinkles mainly provide highly dense multiscale curved
structures with extremely large specific surface areas, mechan-
ical robustness, and stretchability.[5,42,52,53,82–90] The fabrication

of such structures has been inspired by the abundance of
wrinkles in nature, as exemplified by plant surfaces[91] and
fingerprints.[30] To mimic these designs, researchers have de-
veloped several methods of fabricating multilayered structures
(e.g., stiff skin layers and soft substrates), as exemplified by the
plasma treatment of elastomer substrates,[30] attachment of two
different layers,[92] and use of a sacrificial skin layer.[52] Moreover,

Adv. Mater. 2024, 36, 2300871 © 2023 Wiley-VCH GmbH2300871 (7 of 25)
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several methods for generating strain on multilayer structures
have been developed, including the application of prestrain to
stretchable substrates (e.g., PDMS[93,94] and Dragon Skin[62]) be-
fore skin layer stacking and strain release as well as the heat
treatment of thermally shrinkable substrates (e.g., polystyrene
(PS)) with a skin layer.[83] Although these methods place lim-
itations on the substrate material, i.e., require elastomeric or
thermoplastic polymer substrates, they allow wrinkle structures
to be relatively easily fabricated using large-area, facile, and
low-cost processes and therefore hold great promise for both
lab-scale and industrial applications. Based on the abovemen-
tioned merits, fabrication methods, and characteristics, numer-
ous researchers have fabricated superior wrinkle-based hierar-
chical structures by combining wrinkles with other components
(e.g., wrinkle–wrinkle,[52] wrinkle–micropattern,[43] and wrinkle–
nanopattern[56]) and used these structures in applications such as
strain sensors,[31,33] hydrophobic/hydrophilic surfaces,[85,95] and
triboelectric energy harvesters.[62] However, some critical limita-
tions (i.e., low design diversity and controllability, low material
versatility, and low uniformity) due to the principle of wrinkle
generation remain.[28,32,86,96–100] In the following paragraphs, we
show how these limitations can be overcome and introduce re-
cent strategies used to improve the synergistic effects of wrinkle-
based hierarchical structures with different secondary compo-
nents.

Hierarchical structures composed of multiple wrinkles with
different feature sizes in a single substrate are widely used be-
cause of their large specific surface area, superior wettability, and
stretchability. They are typically fabricated through the repeated
formation of single-size wrinkles (Figure 3a). For example, Odom
and co-workers developed a universal method for creating hierar-
chical wrinkles on thin-film surfaces.[52] As shown in Figure 3a,
a sacrificial skin layer (e.g., polyvinylpyrrolidone (PVP)) is de-
posited on a thermally shrinkable substrate coated with the target
material (e.g., gold, graphene, graphene oxide, WS2, SnS2, 1T-
MoS2, carbon nanotubes (CNTs), polyolefins, and polystyrene),
with subsequent heating generating a strain mismatch between
the sacrificial layer and the substrate. Then, the sacrificial layer
is removed, and the first-layer wrinkles of the target material
and the substrate are revealed. The authors controlled wrinkle
wavelength by adjusting the thickness of the sacrificial layer at
each step and showed that the developed method offers the ben-
efit of material versatility and thus solves the bottleneck problem
of wrinkle-based hierarchical structures (Figure 3b). In addition,
these wrinkle–wrinkle hierarchical structures were shown to en-
dow substrates with strain-independent functions.[5] As the val-
leys of the first-layer wrinkles absorb most of the strain energy,
subsequent-layer wrinkles could maintain their features (includ-
ing shape and function) even under an applied external strain of
up to 100% (Figure 3c).

Alternatively, one can control wrinkle features and improve
uniformity using rationally designed micropatterns. As dis-
cussed above, rationally designed micropatterns are frequently
used to control the mechanical characteristics or surface profiles
of substrates and can therefore also be applied to create elas-
tic surface instabilities such as wrinkling, creasing, and deep
folding in hierarchical structures. For example, Wang et al. re-
ported a hierarchical structure composed of wrinkles and a pe-
riodic microscale hole array.[43] To fabricate this structure, the

authors micropatterned an elastomer substrate using a litho-
graphically patterned SU-8 mold and then attached the pat-
terned elastomer to another elastomer substrate under an ap-
plied prestrain (Figure 3d). The strain was subsequently re-
leased to form various wrinkles with micropatterns on the sub-
strate. Wrinkle morphology could be controlled by considering
the surface strain distribution, which was determined by mi-
cropattern shape and periodicity (Figure 3e). Zhang et al. de-
veloped 3D microlens array/wrinkle structure/silver nanoparti-
cle hierarchical structures inspired by rose petals as a substrate
for surface-enhanced Raman scattering (SERS) spectroscopy[34]

(Figure 3f), claiming that the ordered micropattern array with
wrinkles and nanoparticles guarantees an even distribution of
SERS hot spots and thus secures excellent uniformity and high
sensitivity.

Ordered nanopatterns can also be integrated with wrinkles
to enhance the surface wettability of wrinkle-based hierarchi-
cal structures. Although the conventional fabrication method of
wrinkle–nanopattern hierarchical structures resembles that of
wrinkle–micropattern ones except for the use of nanopatterned
and not micropatterned molds[93] (Figure 3g), researchers have
focused on more advanced fabrication techniques relying on the
application of a rationally designed nanopattern to boost the syn-
ergistic effects. Yun et al. fabricated a springtail-inspired hier-
archical structure composed of wrinkles and a serif-T nanopat-
tern through a combination of nanoimprinting and secondary
sputtering lithographic techniques[6] (Figure 3h). This structure
showed superomniphobicity (i.e., high static repellency) and ex-
treme pressure resistance against water, ethylene glycol, and
ethanol owing to the combined effects of dense wrinkles and
the designed nanopattern. Ahn et al. developed a morphology-
controllable wrinkled micro-/nanohierarchical structure[62] by in-
tegrating micropatterns, nanopatterns, and wrinkles on a sin-
gle substrate. Each structural element could be individually con-
trolled, which offered unlimited design diversity (Figure 3i). The
authors claim to have developed an optimized superhydrophobic
hierarchical structure by controlling and changing the individ-
ual components, which are directly related to the droplet contact
mode (e.g., Cassie–Baxter and Wenzel states).

Overall, researchers are actively trying to achieve material and
structural versatility and utilize the synergistic effects of hierar-
chical structures composed of wrinkles and other components
by developing advanced fabrication methods. Therefore, follow-
up research should allow hierarchical structures to be effec-
tively used in various fields, especially as components of hy-
drophobic/hydrophilic surfaces and energy-related devices ow-
ing to their superior specific surface area and mechanical stabil-
ity.

2.3. Physically Engineered Hierarchical Structures Based on
Fibers

Fiber structures (including pillar structures with high (>10:1)
aspect ratios), another major component of hierarchical struc-
tures physically engineered on surfaces, have been used to
increase the surface contact area, bonding forces such as van der
Waals and adhesion forces (by increasing the effective contact
area), and chemical reactivity.[101,102] A number of fiber-based
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Figure 3. Various types of wrinkle-based hierarchical structures. a) Representative process used to fabricate hierarchical structures composed of multiple
wrinkles and b) SEM images of the structures. b) Reproduced with permission.[52] Copyright 2018, American Chemical Society. c) Schematic illustration
and SEM image of a hierarchical structure under an applied external strain of 100%. Reproduced with permission.[5] Copyright 2018, American Chemical
Society. d) Representative process used to fabricate hierarchical structures composed of wrinkles and rationally designed micropatterns. e) Optical
microscopy images of the structures. e) Reproduced with permission.[43] Copyright 2017, Wiley-VCH. f) SEM images of the structures. Reproduced
with permission.[34] Copyright 2022, Wiley-VCH. g) Representative process used to fabricate hierarchical structures composed of wrinkles and ordered
nanopatterns. h,i) SEM images of the structures. h) Reproduced with permission.[6] Copyright 2018, The Authors, Published by American Association
for the Advancement of Science. i) Reproduced with permission.[62] Copyright 2021, Elsevier Ltd.

hierarchical structures are composed of nanofiber structures
(primary structure) and rationally designed mi-
crostructures with patterns such as pillars, dots,
and squares (secondary structure) fabricated using
physical engineering methods. In view of the need for me-
chanical stability and strength to benefit from the advantages
of the aforementioned fiber structure, rationally designed
micropatterns are generally used as secondary structures. To
take advantage of the fiber-based hierarchical structure, re-
searchers have also attempted to imitate natural fiber structures
(e.g., gecko’s paws and tree frog’s toes). To this end, various
fabrication processes for fiber-based hierarchical structures
have been developed, such as the formation of additional
nanofiber structures using nanoscale molds on rationally de-

signed micropatterns,[10] mechanical transfer of nanofibers
(such as vertically aligned CNTs,[15] metal nanowires,[103] and
polymer-based nanofibers[104]) on the microstructure, and
combination of prefabricated nanofibers in micropatterns by
post-treatment using mechanical shear forces.[13,21] Physical
engineering methods of fabricating fiber-based hierarchical
structures have limitations such as material selection (photocur-
able or thermoplastic polymers) due to the double molding
requirement, the need for the high vertical alignment of trans-
ferred nanofibers to achieve structural uniformity, and the
possibility of post-treatment-induced damage due to the me-
chanical weakness of nanofibers. Nevertheless, fiber-based
hierarchies have been actively used because of their high surface
area and suitability for contact area, chemical reaction region,

Adv. Mater. 2024, 36, 2300871 © 2023 Wiley-VCH GmbH2300871 (9 of 25)
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Figure 4. Various types of fiber-based hierarchical structures. a) Representative process used to fabricate nanoscale fiber-based hierarchical structures
composed of high-aspect-ratio micropillars and nanofibers. b,c) SEM images of the structures in (a). b,c) Reproduced with permission.[10] Copyright
2018, American Chemical Society. d) Fabrication of heterogeneous-material-based hierarchical structures. e,f) SEM images of the structures in (d). e,f)
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[15]

Copyright 2013, The Authors, published by Wiley-VCH. g) Representative process used to fabricate fiber-based hierarchical structures composed of em-
bedded nanofibers in rationally designed micropillar structures using mechanical shear forces. h,i) SEM images of the structures in (g). g-l) Reproduced
with permission.[13] Copyright 2017, American Chemical Society (https://pubs.acs.org/doi/10.1021/acsnano.7b04994; further permissions related to
the material excerpted should be directed to the ACS).

and adhesion force enhancement. Nanofibers for fiber-based
hierarchical structures can be fabricated using physical casting
with anodic aluminum oxide (AAO) substrates,[10,105] while
vertically aligned CNTs (or nanofibers)[106,107] are known to
facilitate fabrication of fibers that could be modulated in length
on demand. Furthermore, fiber-based hierarchical structures
can be applied to the functional surfaces (e.g., hydrophilic and
hydrophobic)[3] and dry adhesives[101] due to their modified sur-
face properties and large reaction/contact area. Recent attempts
to fabricate such structures as described above are introduced
below.

This section introduces physical engineering methods
for fiber-based hierarchical structures containing micro- or
nanofibers for the abovementioned applications. As shown
in Figure 4a, molds used to cast microfiber structures
with high aspect ratios are generally manufactured using
photolithography.[10,108] To this end, secondary micropillar struc-
tures composed of thermoplastic[109,110] and photocurable[111]

materials have been fabricated using SU-8 and PDMS molds.[108]

By contrast, nanoscale molds such as AAO templates are used to
physically cast primary fiber structures based on poly(sodium4-
styrenesulfonate) (PSS) via additional thermoforming or the
precuring of photocurable materials. However, these casting
methods can damage the micropillar structure shape during
nanofiber formation due to oversoftening (or melting) of ther-
moplastics and uncurable regions of photocurable polymers. To
overcome this limitation, the primary structures are protected
by a sacrificial layer, and nanofibers are then molded on the top
using an AAO template. Finally, the sacrificial layer is removed
to afford a single-polymer-material fiber-based hierarchical
structure. Figure 4b,c shows the production of a hierarchical
structure consisting of fibers with uniform micro- and nanoscale
dimensions and the fabrication of a substrate with a large-area
hierarchical structure pattern.[111] The size and shape of base mi-
cropillars can be adjusted by changing the base mold fabricated
by photolithography.[112] Furthermore, AAO templates can also
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control casting-mold porosity and size, enabling the molding of
nanofibers with various and uniform diameters and lengths.[110]

Thus, the size of the micro-/nanoscale hierarchical structure
may be selectively adjusted.

In addition to hierarchical structures formed from a single
material (by dual-curing process), a method of forming fiber-
based hierarchical structures via selective mechanical transfer
of heterogeneous materials to improve functionality (mechani-
cal, chemical, and surface energy properties) has been developed.
Figure 4d illustrates the formation of rigid SU-8-epoxy-based mi-
cropillars and the transfer of the vertically aligned CNT grown on
the top onto the micropattern by physical contact.[15] For more
stable nanofiber transfer, an adhesive material that improves the
adhesion force should be applied on a surface. In general, the ad-
hesive (e.g., poly(vinyl acetate)) is spin-coated on the micropillar
structure array. Nanofibers can be easily and stably transferred by
tilting the infrastructure shape or adjusting the diameter of con-
tact area. Figure 4e,f shows the morphology of a heterogeneous
fiber-based hierarchical structure consisting of SU-8 polymer-
based microfibers at the bottom and highly aligned CNTs on
top. Due to the improvement in adhesion by applying physi-
cal pressure and adhesive coating, a uniform and highly aligned
fiber-transferred hierarchical structure could be fabricated. Fur-
thermore, the hierarchical structure demonstrated improved me-
chanical stability and chemical stability due to the SU-8-based mi-
cropattern and the nanofibers such as CNTs, respectively. In ad-
dition, the hierarchical structure exhibited a broader application
scope than a single-material hierarchical structure.

Finally, fiber-based hierarchical structures can be fabricated by
physically binding nanofibers onto micropatterns. Figure 4g il-
lustrates the manufacturing process of a nanofiber-based shape
(thermoplastic polymer and photocurable polymer) using an
AAO template–based mold.[13,105] The polymer was spin-coated
on the manufactured nanofibers, and a bundle of nanofibers was
then tied in micropattern units using a micropattern mold. The
nanofibers contained in the mold were separated from the sub-
strate using a mechanical shear force. When the support layer
substrate was formed on the surface and separated from the
mold, a hierarchical structure with nanofiber colonies distributed
in micropattern units was formed (Figure 4h,i). The micropattern
shape could be adjusted to produce nanofiber-based hierarchical
structures with various micropatterns and improved mechanical
performance.[15,111] Furthermore, this fabrication method allows
the nanofiber tips to be embedded and directionally aligned. This
process can embed nanofibers with micropatterns while mini-
mizing nanofiber damage, thereby ensuring mechanical stabil-
ity.

In summary, enhanced functionalities (e.g., adhesion force,
chemical-reaction region, and reactive surface area) have been
realized with uniform and stable fiber-based hierarchical struc-
tures, multiple material-based hierarchical structures, and
nanofiber binding methods. These hierarchical structures have
significant potential for use in a variety of applications, such
as functional surfaces, dry/wet adhesives, and self-cleaning sub-
strates. To modify surface and enhance the react/contact area for
these applications, researchers have attempted uniform mold-
ing using AAO molds, transfer of mechanically strong and verti-
cally aligned CNTs, and the embedding of nanofibers with elas-
tomer polymers for the prevention of nanofibers’ damage. These

fiber-based hierarchical structures are expected to find appli-
cations in energy (e.g., solar cells with self-cleaning surfaces),
biomedical (e.g., dry adhesives for surgery), and other industrial
applications.

2.4. Physically Engineered Hierarchical Structures Based on
Random Structures

Random structures (e.g., nanoparticles, nanowires, and micro-
spheres) are frequently used as hierarchical structure compo-
nents, as they can endow the surface with catalytic activity,[113]

chemical reactivity,[114] and electrical conductivity[115] as well
as increase specific surface area and roughness.[116] Over the
past decades, many efficient fabrication methods for random
structures have been reported, e.g., dry/wet etching,[117] chem-
ical synthesis,[118] use of thermally expandable microspheres,[116]

laser patterning,[119] and molding from naturally/artificially
formed rough substrates.[117] Therefore, several uses of random
structures as the main components of hierarchical structures re-
sulted from superior versatility of the fabrication methods. In
addition, researchers can select a compatible method easily ac-
cording to the target materials and substrates for a wide range
of applications that include supercapacitor electrodes,[118] phys-
ical/chemical sensors,[120–123] energy-harvesting devices,[116] and
water-harvesting devices.[116] However, the use of random struc-
tures is generally associated with two main problems. The use of
random structures can degrade sample-to-sample and in-sample
uniformity, as these structures are literally random, unlike ra-
tionally designed micropatterns, ordered nanopatterns, and even
wrinkles or fibers. Moreover, random structures suffer from low
substrate adhesion, as most random nanomaterials are synthe-
sized independently and then coated on the target substrates,
while others (e.g., micropatterns or nanopatterns) are directly
generated on the substrate surface. Although solving low unifor-
mity issue of random structures is still challenging, there are a lot
of advanced hierarchical structures for utilizing the abovemen-
tioned merits of the random structures. Thus, in the following
paragraphs, we introduce recent strategies for overcoming these
problems and discuss various types of random-structure-based
hierarchical structures with unique characteristics and their ap-
plications.

The use of ordered nanostructures in combination with ran-
dom microstructures may result in synergistic effects between
large surface area and nanoscale roughness.[124] To fabricate
nanopatterns on random microstructures, one should first form
ordered nanopatterns and then use an additional process to add
random structures, similarly to the case of wrinkle–nanopattern
hierarchical structures (Figure 5a). Jung et al. reported a ther-
mally expandable microsphere-based hierarchical structure with
nanopatterns.[116] In this study, thermally expandable micro-
spheres were mixed with a liquid elastomer precursor, and
nanopatterns were generated on the cured elastomer through
molding. The embedding of spin-coated microspheres inside
the elastomer substrate secured mechanical robustness and
macroscale uniformity. Subsequently, heat was applied to expand
the embedded microspheres and thus fabricate a spherical hier-
archical structure with nanopatterns on the surface. The effective
surface area and roughness could be regulated via microsphere
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Figure 5. Various types of random-structure-based hierarchical structures. a) Representative process used to fabricate hierarchical structures comprising
random structures and ordered nanopatterns. b) SEM images of the structures. c) Representative process used to fabricate hierarchical structures
comprising multiple random structures by physical engineering of the surfaces. d) SEM images of the structures. b) Reproduced with permission.[116]

Copyright 2022, Wiley-VCH. d) Reproduced with permission.[125] Copyright 2021, Royal Society of Chemistry.

density control (Figure 5b). These structures can be practically
applied in water- and energy-harvesting devices because of their
facile fabrication process and elevated surface area.

Random structure–random structure hierarchical structures
are another type of random-structure-based hierarchical struc-
tures and are used to maximize fabrication efficiency and achieve
multiscale surface roughness. To maximize these merits and se-
cure mechanical robustness, researchers have adopted molding
processes using artificially or naturally formed rough molds such
as sand papers,[125] butterfly wings,[126] and lotus leaves[126] fol-
lowed by the integration of randomly distributed nanomateri-
als such as graphene[115,120] and silver microflowers (Ag MFs[125])
(Figure 5c,d).[125] Generally, these structures were utilized as sen-
sitive pressure sensors, as in the case of random microstruc-
tures, the contact area with the counterpart surface can drasti-
cally change with applied pressure, and the embedded nanoma-
terials impart electrical conductivity and allow sensitive contact
area change at low pressures.[115]

Additionally, most random-structure-based hierarchical
structures are fabricated using solution-based chemical
synthesis.[127–129] These structures are widely used in appli-
cations requiring high-efficiency chemical reactions (e.g., battery
anodes/cathodes,[127] supercapacitors,[130] catalysts,[113] chemical
sensors,[114,121] and biosensors[131]) owing to their 3D reac-
tion area. The related methods are more focused on chemical
surface-engineering processes, such as hydrothermal synthesis
and chemical bath deposition, rather than physical surface-

engineering processes, such as molding and casting; as these
methods are outside the scope of this review, they are not dis-
cussed in detail. However, several detailed reviews covering the
fabrication, characteristics, and applications of the correspond-
ing structures have been reported.[127,129,130,132] These reviews
can shed light on the recent advances in random-structure-based
hierarchical structures fabricated by chemical synthesis.

3. Applications

The unique physicochemical properties due to the synergistic
effects of the abovementioned individual components have in-
spired researchers to utilize physically engineered hierarchical
structures in various applications.[133–135] In this section, we cat-
egorize the major applications of the hierarchical structures into
four groups, namely functional surfaces with controlled con-
tact angles, dry/wet adhesives, energy-related devices, and phys-
ical/chemical/biological sensors. Each hierarchical structure is
matched with proper applications in terms of its characteristics
and application-imposed requirements, and the related limita-
tions, recent advances, and perspectives are discussed.

3.1. Contact Angle Manipulation Using Designed Surface Profile
for Functional Superhydrophobic/Superomniphobic Surfaces

The fabrication of functional surfaces based on hierarchi-
cal structures is made by the combination of the vari-
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ous (micro,[4,6,136–138] nano,[1–4,6,137,138] wrinkle,[5,6,51,62,88] and
fiber[3,139,140]) structures introduced above. For functional sur-
face fabrication, the structures used to design the Cassie–Baxter
state mostly consist of rationally designed micropatterns and or-
dered nanopatterns (such as fibers, dots, and pillars). In partic-
ular, researchers have aimed to improve functionality through
the application of hierarchical structures physically engineered
on surfaces in the case of superhydrophobic[5,136–138,141] and
superomniphobic[1,6,138] surfaces. The hierarchical structures of
such functional surfaces are often inspired by nature, as exempli-
fied by lotus leaves,[141–144] springtails,[1,6] Namibia beetles,[145,146]

and mushrooms.[140,147,148] Most hierarchical structures contain
substructures that follow the Cassie–Baxter state (cos𝜃CB =
f1cos𝜃𝛾 + f2, 𝜃CB: apparent contact angle, 𝜃𝛾 : equilibrium con-
tact angle, f1: area fraction of solid, f2: area fraction of air)[149]

and therefore feature an air between patterns of these substruc-
tures. A microscale structural parameter study was reported to
improve hydrophobicity by controlling the height, width, and
distance between the structures.[150] The studies in the previ-
ous decades developed only superhydrophobic (water-repellent)
surfaces[2,51,59,66,145,146] with contact angles of >150° and sliding
angles of <10°. For example, Kim et al.[151] recently reported on
a superhydrophobic surface with hierarchical structures fabri-
cated by thermal imprinting and spraying. Integrating micropil-
lars and random nanoparticles enabled superior superhydropho-
bicity with a contact angle of 163° and sliding angle of 7°. How-
ever, current studies focus on the development and application
of superomniphobic surfaces[6,44] with high contact angles not
only for water but also for oil, ethylene glycol, and ethanol.[3,4,138]

Figure 6a shows a superomniphobic surface inspired by the hier-
archical structure of the springtail.[6] Figure 6b shows a wrinkle–
nanopattern shape in which a nanoscale disk is raised based
on a microscale pillar whose width decreases with height. Such
a structure is easy to use for producing superomniphobic sur-
faces, as the area of the air gap maintained at the interval be-
tween the pillars and the area in contact with the liquid are
large. The contact angles of water, ethylene glycol, and ethanol
changed upon the application of tension to the patterned wrin-
kled surface. When the surface was strained to 65%, the wa-
ter contact angle remained almost unchanged at 158°, while the
contact angles for ethylene glycol and ethanol changed from
140° to 150° and from 124° to 147°, respectively, because of
the strain-induced changes in pattern arrangement (Figure 6c).
This result shows how the hierarchical structure arrangement
can be changed through the application of strain to the wrinkle
structure.

Figure 6d shows a springtail-inspired hierarchical structure,
with both the column and the disk prepared in nanoscale.[1] Dong
et al. classified contact angle characteristics according to the spac-
ing of the ordered nanohoodoo array. As shown in Figure 6e, the
water contact angle exceeded 150° regardless of the pitch (290–
1100 nm) and was the highest (156°) at a pitch of 800 nm. The
contact angles for glycerol and ethylene glycol were also maxi-
mized at a pitch of 800 nm, which proved that omniphobicity
can be increased using a high-aspect-ratio air gap. As described
above, numerous attempts have been made to improve the con-
tact angles of various liquids. The above surface can also be used
to prevent fogging (Figure 6f).[3,152,153] In view of the excellent om-
niphobicity of this surface, fog droplets on the surface underwent

agglomeration and could be removed via tilting by 20°. As a re-
sult, the omniphobic surface could be continuously maintained
in a clean state.

Surface-modified micropattern–nanopattern-based hi-
erarchical structures can be used in antifogging,[1,152,153]

antifouling,[154–156] antimicrobial,[157,158] and self-
cleaning[155,159,160] applications as well as for collecting spilled
water–oil mixtures and oil leaked into the ocean (Figure 6g).[4]

The surface did not exhibit a high contact angle against water,
but was rather designed to be hydrophilic (water contact angle
= 6°) and oleophobic (oil contact angle = 166°). Figure 6h
shows the morphology of the functional surface presented in
Figure 6g, revealing nanoscale cylinders and microscale pillars.
With increasing nanocylinder’s aspect ratio, the oil contact angle
increased, while the water contact angle decreased (Figure 6i). In
addition, Odom and co-workers developed stretchable superhy-
drophobic structures with a wrinkle-based hierarchy for use in
flexible systems. As shown in Figure 6j, a PDMS-based wrinkle–
random hierarchical structure exhibited superhydrophobicity
and maintained a high-water contact angle (>150°) at a strain
of 100%.[5] The water contact angle of the wrinkled surface
was maintained at 160° during 1000 cycles (Figure 6k), and the
corresponding contact angle hysteresis was below 3°. Therefore,
the stretchable superhydrophobic surface was well suited for
applications requiring twisting and bending (Figure 6l).

In summary, the current trend in hierarchical structures phys-
ically engineered on surfaces is the development and imple-
mentation of superhydrophobic and superomniphobic applica-
tions. In particular, bioinspired hierarchical functional surfaces
are actively implemented, and industrial applications (e.g., an-
tifogging, antifouling, antimicrobial, and self-cleaning) are be-
ing developed. Stretchable superhydrophobic surfaces hold great
promise for the fabrication of flexible and bendable super-water-
repellent systems, which can be used to achieve the self-cleaning
and maintenance of marine sensor surfaces, self-cleaning solar
cells, and water collection from alpine or desert areas.

3.2. Nature-Inspired Hierarchical Structures for Dry/Wet
Adhesives

Given that micropatterns offer the advantages of precise pat-
ternability, reproducibility, uniformity, and tunable mechan-
ical properties, micropattern–micropattern hierarchical struc-
tures with rationally designed surface profiles have been used
for the fabrication of bioinspired adhesives. The high demand
for dry/wet adhesives has been associated with fields such
as medical devices,[18,21] industrial manufacturing,[20,161] robotic
arms,[162,163] wearable electronics,[19,21] space,[164] and biomedi-
cal applications.[21,22,165] Many superior dry/wet adhesives have
been inspired by nature, as exemplified by the adhesive pads of
geckos,[7,10,14,16,20,25] octopus suction cups,[18,19,22,27] and the toe
pads of tree frogs.[13,14,19,21] Such bioinspired dry/wet adhesives
are mainly fabricated using hierarchical structures with different
shapes (e.g., micropillars topped by microtips or micropillar ar-
rays with cavities) to modulate the design parameters elaborately
and mechanical properties of micropattern–micropattern struc-
tures (e.g., pillar diameter, height, gap distance of array, and cup
diameter).

Adv. Mater. 2024, 36, 2300871 © 2023 Wiley-VCH GmbH2300871 (13 of 25)
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Figure 6. Applications of hierarchical structures as functional (e.g., superhydrophobic and superomniphobic) surfaces. a) Image of springtail and
schematic structure of its superomniphobic surface. b) SEM image of wrinkled nanoscopic serif T-shape morphology. c) Contact angles for water, ethylene
glycol, and ethanol under different strains. a–c) Reproduced with permission.[6] Copyright 2018, The Authors, Published by American Association for the
Advancement of Science. d) Springtail-inspired nanohoodoo-based hierarchical structure used for superomniphobic surface construction and e) contact
angles for water, glycerol, and ethylene glycol on the structure in (d). f) Antifogging application of the nanohood-based hierarchical structure (tilting angle
= 20°). d–f) Reproduced with permission.[1] Copyright 2020, Wiley-VCH. g) Illustration of hydrophilic/oleophobic surface for collection of spilled water–
oil mixtures. h) SEM image of the hierarchical structure in (g). i) Water and oil contact angle variation according to the nanocylinder’s aspect ratio. g–i)
Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[4]

Copyright 2020, The Authors, published by American Chemical Society. j) Morphology of stretchable superhydrophobic surface. k) Results of water con-
tact angle and hysteresis measurements at different strains. l) Twisting and bending tests of stretchable hierarchical structure and wrinkle morphology
changes observed by SEM. j–l) Reproduced with permission.[5] Copyright 2016, American Chemical Society.

The numerous hierarchical structures (e.g., setae branching
into terminal spatulae) in gecko’s toe pads enable strong adhe-
sion due to van der Waals interactions, as demonstrated by Full
and co-workers.[166] Arzt et al. suggested that the adhesion force
is related to not only the contact splitting principle (i.e., the ad-

hesion force increases with the increasing number of hairs),[55]

but also to two essential mechanical considerations of the hier-
archical structure as follows. Two considerations are the stored
elastic energy in the bulk of the hierarchical structure close
to the contact surface and the interfacial stress created by the

Adv. Mater. 2024, 36, 2300871 © 2023 Wiley-VCH GmbH2300871 (14 of 25)
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nonuniform contact between the hierarchical structure and the
contact area.[61] Researchers have applied the concept of gecko’s
fibrillar toe pads in diverse emerging fields including manu-
facturing and robotics by mimicking biological structures us-
ing micropattern–micropattern hierarchical structures with dif-
ferent shapes (i.e., micropillars topped by microtips). Hu et al.
developed a contact-sensible adhesive (CSA) inspired by a gecko’s
toe pad, which is composed of an adhesive layer based on a
mushroom-shaped hierarchical structure and a capacitive sens-
ing layer with a pair of foil electrodes (Figure 7a).[20] The side-
view scanning electron microscopy (SEM) image of the CSA in
Figure 7b shows the top adhesive layer and the bottom capacitive
sensing layer. The pull-off force of CSA (7.8 N) was ≈3.7 times
larger than that of the control sample (2.1 N) due to the hierar-
chical structure, which does not induce buckling, under the same
preload of 8 N. For practical application, the CSA was integrated
with a robotic gripper for grasping eggs with an additional weight
and showed a change in capacitance (∆C/C0) corresponding to
the gripping action (Figure 7c).

Inspired by the dome-like protuberances of octopus suc-
tion cups, Pang and co-workers developed a micropattern–
micropattern hierarchical structure for wet/dry adhesives using
a molding process involving a solution-based air-trapping tech-
nique (Figure 7d).[22] The authors used the underlying mecha-
nism of the octopus sucker, which attaches itself to the contact
surface using an internal vacuum chamber formed by the tem-
porary structural collapse of the sucker, to increase the adhesion
force under water.[167] The related SEM image (Figure 7d) reveals
a dense array of the octopus-inspired adhesive (OIA), which was
replicated by filling a solution of a polyurethane-acrylate-based
polymer into a master mold. Figure 7e presents confocal flu-
orescence microscopy images obtained while loading the OIA
to demonstrate the liquid-assisted suction mechanism of OIA
attachment under wet conditions. In this figure, stage I corre-
sponds to the OIA in contact with a wet contact surface, and
stage III shows the OIA with a lower vacuum chamber due to
the capillary-driven suction of liquid toward the upper cham-
ber. In addition, the OIA showed a higher conformal attach-
ment (i.e., pull-off adhesion) pressure (≈25 kPa at a preload of
10 kPa) when attached to a wet contact surface than when at-
tached to a dry contact surface and nonpatterned patch (≈5 kPa)
(Figure 7f).

Tree frog’s toe pads exhibit superior wet attachment and fric-
tion without preload, allowing them to easily climb up vertical
flat surfaces (Figure 7g).[168] Jiang and co-workers developed a
tree-frog-inspired adhesive (FIA), micropattern–micropattern hi-
erarchical structure, that mimics the hierarchical structure of tree
frog’s toe pads and consists of a micro/nano two-level pillar array
with nanocavities on the top of each pillar (Figure 7h).[21] By ratio-
nally designing FIA dimensions such as pillar size and channel
width (Figure 7i), the authors effectively induced the self-splitting
of liquids (i.e., the formation of nanometer-thick liquid films on
the top of pillars) on the pillar array to generate a friction force
≈20-fold higher than that under dry or wet conditions. The FIA
was further applied to a surgical tool to reduce damage to liv-
ing tissue, which is a common problem of existing sharp-tooth
surgical graspers requiring high external forces to grasp the tis-
sue (Figure 7j). Compared to a conventional sharp-tooth surgi-
cal grasper, the FIA-based one showed an approximately fivefold

higher normal force and a ninefold higher friction force while
reducing the tissue deformation by 90%.

For superior properties of adhesive, Pang and co-workers de-
veloped a heterogeneous adhesive, micropattern–micropattern
hierarchical structure, inspired by tree frog’s toe pads and the
convex cup of octopus suckers (Figure 7k).[19] The related SEM
images (Figure 7l) revealed the presence of tree-frog-inspired
hexagonal microchannels (upper) and octopus-inspired convex
structures (lower). The hexagonal microchannels provided om-
nidirectional peel resistance and drainage to wet and rough sur-
faces, while the convex structures provided strong adhesion un-
der various dry and wet conditions. Due to its hierarchical struc-
ture, the heterogeneous adhesive had a higher adhesion strength
of 4.5 N cm−2 in underwater conditions compared to the flat ad-
hesive with an adhesion strength of ≈0.5 N cm−2. Figure 7m com-
pares the results of the flow resistance test of the heterogeneous
adhesive with those obtained for a flat PDMS patch in flowing wa-
ter (Q ≈ 150 mL cm−2 s−1). In addition, the authors applied the
heterogeneous adhesive to a wearable electronic device to detect
ECG signals using a conductive material (Figure 7n).

To summarize, diverse adhesives for use under dry or wet con-
ditions in fields such as biomedical engineering, industrial pro-
duction, wearable electronic devices, and space have been devel-
oped because of their high demands. In particular, natural hier-
archical structures (e.g., toe pads of geckos and octopus suction
cups as well as tree frogs) provide hints or solutions for the devel-
opment of superior bioinspired micropattern–micropattern hier-
archical structures with different shapes that can be used as ad-
hesives under diverse (dry, wet, and underwater) conditions. In
the future, efforts to mimic the hierarchical structures in nature
will be meaningful in various fields as state of the art of manu-
facturing technologies and biomimetic research progress.

3.3. Hierarchical Structures with Extremely Large Surface Area
for High-Performance Energy Harvesting/Storage Devices

Micro-/nanohierarchical structures hold great promise for
energy-related applications such as energy harvesting (e.g.,
TENGs),[58,62,169–177] storage (e.g., battery electrodes),[127,130,178]

and conversion (e.g., electrolyte membranes of fuel cells)[28,179,180]

as well as self-powered devices,[62,181] as the performance of
most corresponding systems is directly related to the effective
surface area, i.e., physical or chemical contact area. Given that
most hierarchical structures physically engineered on surfaces
provide high mechanical robustness compared with the chem-
ically synthesized hierarchical structures as well as large spe-
cific surface area and roughness, they well meet the key re-
quirements of high-performance TENGs,[62] which harvest elec-
trical energy from wasted mechanical energy by exploiting the
triboelectric effect (Figure 8a). In a TENG, an increase in spe-
cific surface area results in elevated electrified and contact ar-
eas, while an increase in nanoscale roughness increases the
extent of electrification per unit area by inducing friction and
electron concentration; moreover, mechanical robustness is re-
quired during the repeated physical contact between the elec-
trified surfaces.[182] Thus, wrinkle-based hierarchical structures
are preferred for TENG applications. Kang et al. reported a high-
performance TENG based on Ag-nanowire (AgNW)-embedded
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Figure 7. Hierarchical structures for dry/wet adhesive applications. a) Schematic illustration of gecko-inspired hierarchical structure for contact-sensible
adhesive (CSA) application. b) SEM images of CSA composed of adhesion and sensing layers. c) Application of CSA in a mechanical gripper grasping an
egg with an additional 300 g weight. Relative change in capacitance (∆C/C0) corresponding to gripping motion. a–c) Reproduced with permission.[20]

Copyright 2021, Wiley-VCH. d) Schematic illustration of octopus-suction-cup-mimicking hierarchical structure for wet/dry adhesives and related SEM
image showing a dense array of these structures. e) Confocal fluorescence microscopy images used to verify the mechanisms of adhesive attachment
under wet conditions. f) Pull-off adhesion as a function of preload. d–f) Reproduced with permission,[22] Copyright 2017, Macmillan Publishers Limited,
part of Springer Nature. g) Photograph of tree frog climbing on a wet smooth surface. h) SEM images of tree frog’s toe pad composed of micropillar
epithelial cells (green) showing dense nanopillars with nanocavities in each micropillar (blue). i) SEM images of frog-inspired adhesive (FIA) showing

Adv. Mater. 2024, 36, 2300871 © 2023 Wiley-VCH GmbH2300871 (16 of 25)
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wrinkled PDMS produced by plasma treatment (Figure 8b).[30]

The output voltage increased with the increment of plasma treat-
ment power because of the concomitant wrinkle pattern enlarge-
ment and surface roughness enhancement (Figure 8c), while the
embedded AgNWs provided an electrically conductive network
for electron transfer. In addition, other components of hierarchi-
cal structures can be utilized for TENG construction to impart
unique functions. Ahn et al. designed a wrinkle–micropattern–
nanopattern hierarchical structure (Figure 8d)[62] to enhance
TENG performance and to achieve water resistance (Figure 8e).
Specifically, the output voltage increased from 13.6 to 16.5 V as
the flat film was replaced by a nanopatterned film, and when
wrinkles were added to nanopatterns, the voltage output of the
TENG increased to a maximum of 35.9 V. Furthermore, when mi-
cropillars were added, the TENG voltage output was maximized
to 48.0 V, exceeding that of the flat TENG by 608%. Wrinkles and
nanopatterns provided a large surface area and mechanical ro-
bustness. Micropatterns facilitated uniform contact and separa-
tion for the formation of a large dipole moment between elec-
trodes. Additionally, nanopatterns imparted superhydrophobic-
ity and allowed the TENG to rapidly recover from water droplets
(Figure 8f).

In view of their large multiscale surface area and wide-
range material applicability, hierarchical structures physically
engineered on surfaces can also be used for energy stor-
age/conversion. Lee et al. used a wrinkle–wrinkle hierarchical
structure in the architecture of the interface between a poly-
mer electrolyte membrane and the catalyst layer of a fuel cell
(Figure 8g).[28] The multiscale (nano- to micrometer) hierarchi-
cal wrinkles allowed one to go beyond the limit of catalyst uti-
lization, and the resulting multiscale wrinkle interface therefore
showed a dramatically increased (by up to 89% compared to flat-
interface values) electrochemically active surface area and power
performance. Cho et al. developed a micropattern–nanopattern
hierarchical structure through a LEGO-like integration of multi-
scale patterns (Figure 8h)[179] and used it to fabricate a Nafion-
membrane fuel cell with significantly enhanced electrochemi-
cal performance and sufficient mechanical robustness. Random-
structure-based hierarchical structures are preferred for such
applications, as they offer the benefits of superior catalytic ef-
fects and 3D reaction area, while other structures can react
only at the top surface area. As discussed in Section 2.4, most
random-structure-based hierarchical structures are fabricated us-
ing solution-based chemical synthesis and are therefore outside
the scope of this review. For further details on random-structure-
based hierarchical structures used in energy-related applications
such as Li-ion batteries, supercapacitors, and fuel cells, the read-
ers should consult specialized reviews.[127,130,132,178]

In summary, hierarchical structures physically engineered on
surfaces have significant potential for use in energy-related appli-
cations. Wrinkle-based hierarchical structures are mainly used in

TENGs because of their mechanical robustness, while random-
structure-based hierarchical structures are used in battery elec-
trodes and electrolyte membranes owing to their large surface
area and facile fabrication methods. However, despite the efforts
made to improve device performance, cost-effective and mass-
production-suitable fabrication methods should be further de-
veloped to commercialize hierarchical-structure-based energy-
related devices, as cost-effectiveness and producibility are the
main factors of influence in these fields. We believe that state-of-
the-art studies should facilitate the development of facile manu-
facturing methods and that follow-up research will allow hierar-
chical structures to be practically commercialized.

3.4. Hierarchical Structures with Extremely Large Surface Area
for Highly Sensitive Physical/Chemical/Biological Sensors

Hierarchical structures physically engineered on surfaces,
including micro-/nanoscale components, have been actively
researched for application in sensors, which can be classified
into physical sensors,[31–35,37,74] chemical sensors,[36,183–186] and
biological sensors.[34,131,187,188] Among various reasons for apply-
ing hierarchical structures in sensors, the most important one is
to improve the sensitivity and sensing speed. Many hierarchical-
structure-based sensors contain rationally designed micropat-
terns as the primary substrate (or framework) because of their
superior mechanical stability, and wrinkle or random structures
as the secondary structure because of their elevated reactive
surface area. In this section, we introduce the morphological
properties of hierarchical structures and their use in physical,
chemical, and biological sensors. Initially, hierarchical-structure-
based physical sensors for pressure and strain were developed
to increase the sensitivity and sensing range.[31–33,35,37,74,189]

In particular, the implementation of micro-/nanohierarchical
structures (e.g., microdomes–wrinkle,[189] V-groove–wrinkle,[31]

and multiscale wrinkle[190]) aims to enhance the performance of
physical sensors by increasing the extent of physical deformation
and contact area variation in response to external forces and ten-
sions. In the case of pressure sensors, a PDMS-based capacitive
pressure sensor with micropattern–nanopattern (micropapil-
lae and nanoscale folds) mimicking rose petals was developed
(Figure 9a).[35] This sensor consists of a single and double layer of
a well-defined PDMS structure with indium tin oxide electrodes
and can sensitively detect both static and dynamic pressures.
Figure 9b describes the performance of this biomimetic pressure
sensor. The ultrasensitive capacitive pressure sensor showed
a sensitivity of 0.055 kPa−1 and could detect a wide range of
pressures (0.5–10 kPa) in 200 ms. Very thin (≈32 μm) micro-
and nanostructures have been demonstrated to dramatically
improve the pressure sensitivity, especially at low pressures (1–
5 kPa). In the case of strain sensors, hierarchical structures were

concave pillar surface with two-level pillars and channels. j) Medical application of FIA in surgical grasper. g–i) Reproduced under the terms of the CC-BY
Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[21] Copyright 2020, The Authors, published by
Wiley-VCH GmbH. k) Schematic illustration of heterogeneous adhesive inspired by tree frog’s toe pads and the convex cup of an octopus sucker. l)
SEM images showing tree-frog-inspired hexagonal microchannels and octopus-inspired convex structures. m) Flow resistance test of heterogeneous
adhesive in flowing water. n) Schematic illustration of ECG signal detection using heterogeneous adhesive with conductive materials. k–n) Reproduced
with permission.[19] Copyright 2019, Wiley-VCH.
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Figure 8. Micro-/nanohierarchical structures used in energy-related applications such as TENGs and fuel cells. a) Schematic working principle of TENGs.
Reproduced with permission.[182] Copyright 2022, Wiley-VCH. b) Schematic illustration and optical microscopic images of TENG using wrinkle-based
hierarchical structure. c) Triboelectric performance of such TENGs with oxygen-plasma-treatment-power-controlled wrinkle sizes and densities. b,c) Re-
produced with permission.[30] Copyright 2019, Wiley-VCH. d) Schematic illustration and SEM image of superhydrophobic TENG featuring wrinkle-based
hierarchical structure. Reproduced with permission.[62] Copyright 2021, Elsevier. e) Triboelectric performance achieved for different rationally designed
micropatterns. Reproduced with permission.[62] Copyright 2021, Elsevier. f) Triboelectric performance achieved upon water spraying. Reproduced with
permission.[62] Copyright 2021, Elsevier. g) Schematic illustration of catalyst layer/membrane interface using wrinkle-based hierarchical structure for
ultralow Pt-loading polymer electrolyte membrane fuel cells. Reproduced with permission.[28] Copyright 2022, American Chemical Society. h) Colored
SEM image of Lego-like rationally designed micropattern-based hierarchical structure used in polymer electrolyte membrane fuel cells. Reproduced un-
der the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/licenses/by/4.0).[179] Copyright 2015,
The Authors, published by Springer Nature.

fabricated using nanomaterials such as metal nanowires,[33]

metal nanoparticles,[31] and MXenes[37] for nanoscale ran-
dom structures. Figure 9c shows a MXene/polyaniline-
fiber (PANIF)-based tile-like stacked hierarchical structured
composite[36,37,183,185] consisting of microscale MXene wrin-
kles produced using a prestrained rubber substrate and

nanoscale PANIF. Figure 9d shows the performance of this
hierarchical strain sensor, revealing a broad sensing range
(up to 80% strain), high sensitivity (gauge factors of up to
2369.1), an ultralow detection limit (0.1538%), possibility of
wireless biomonitoring, and excellent stability under cyclic
strain. Figure 9e presents the results of strain detection in
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Figure 9. Applications of hierarchical structures in physical, chemical, and biological sensors. a) Morphology of capacitive pressure sensor with a red-
rose-petal-mimicking hierarchical structure. b) Pressure sensor performance and sensing range (0.5–10 kPa, response time below 200 ms). a,b) Repro-
duced with permission.[35] Copyright 2020, Elsevier. c) Wrinkle/nanofiber hierarchical structure of MXene-based nanocomposite strain sensor. d) Strain
sensing performance at strains of 0–50%. e) Detection of human body strain by developed strain sensor. c–e) Reproduced with permission.[37] Copyright
2020, Elsevier. f) Morphology of random hierarchical structure of CdTe–ZnO for NO2 gas sensor. g) Results of NO2 gas sensing (0.1–1000 ppm). f,g)
Reproduced with permission.[36] Copyright 2021, Elsevier. h) NO2 gas sensing performance (1, 5, 10, and 20 ppm) of TMPD-coated micropost–ZnO-
nanowire-based hierarchical gas sensor. Reproduced with permission.[121] Copyright 2020, American Chemical Society. i,j) Morphology of hierarchical
biosensor used to detect water pollution. The structure consists of microscale honeycombs and nanoscale wrinkles (mimicking rose petals). Ag nanopar-
ticles were grown on the top surface for SERS application. k,l) SERS results obtained for rhodamine 6G (k) and various water samples (deionized water,
lake water, tap water, spring water, and river water) (l). i–l) Reproduced with permission.[34] Copyright 2021, Wiley-VCH.

various parts of the human body (voice, wrist, finger, and
elbow).

Furthermore, chemical sensors (e.g., gas sensors) using
random-structure-based hierarchical structures have been
developed.[36,183,185] In the field of chemical sensing, much
attention has been drawn to increasing the reactive surface
for improving sensitivity and sensing speed. Therefore, many
researchers have tried to apply nanoscale hierarchies to provide
larger reaction surface to the sensing elements. The random
morphology of fabricated hierarchical CdTe-functionalized
ZnO (CdTe–ZnO) gas sensor on a porous Si substrate is
shown in Figure 9f.[36] It showed superior sensitivity and rapid
sensing capability because of its high reactive surface area
(Figure 9g), detecting NO2 gas at levels of 0.3–100 ppm and
fast response/recovery times of ≈13/54 s at 90 °C. Micropost
pattern and ZnO-nanowire-based gas sensor with N,N,Nʹ,Nʹ-
tetramethyl-p-phenylenediamine (TMPD) coating, physically
cast via an SU-8 mold, was analyzed for its NO2 gas sensing
capabilities (Figure 9h). The sensing mechanism relied on the
color change arising from the interaction between the TMPD
and NO2 gas. Additionally, the high aspect ratio micropost con-

tributed to a larger surface area, leading to an improved sensing
performance of the NO2 gas sensor. As a result, the detection of
NO2 gas at fine concentrations such as 1, 5, 10, and 20 ppm has
been reported.[121]

Finally, hierarchical structures have also been applied to bi-
ological sensors, which are widely used for applications in
the healthcare, disease diagnosis, and environmental protec-
tion. Lutao and co-workers developed a biosensor based on
micropattern–nanopattern (such as rose-petal-inspired micro-
nanopattern) hierarchical structure for environmental protec-
tion and drug detection.[34] Figure 9i,j shows the morphological
characteristics of the sensor hardware consisting of a microlens
structure and nanoscale wrinkles. Ag nanoparticles were grown
for the application in SERS spectroscopy, and the nanogaps be-
tween these nanoparticles enhanced the analytical performance
by generating plasmonic hotspots. Notably, the ordered micro-
nanohierarchical structure array could expand the multidimen-
sional distribution of hotspots to achieve superior sensitivity and
could also ensure an even hotspot distribution to obtain superior
uniformity. Figure 9k presents the SERS spectra of rhodamine
6G at different concentrations. The hierarchical-structure-based
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3D-SERS substrate showed the highest Raman signal enhance-
ment. Figure 9l presents the SERS spectra of Malachite green
(10−6 m) in river water, spring water, tap water, lake water, and
deionized water (from bottom to top) recorded to verify the abil-
ity of the sensor to detect water pollution.

In summary, research on the sensitivity, sensing speed, and
performance improvement through the use of hierarchical struc-
tures physically engineered on surfaces is ongoing. The improve-
ment of the surface area of the sensor plays a major role in
increasing the sensitivity and contributes to the improvement
of sensing performance and detection range. To this end, re-
searchers have attempted to form various hierarchical structures
by mimicking plants (e.g., rose petals) or growing metal oxide
or metal nanostructures. As a result, the sensitivity and perfor-
mance of physical, chemical, and biological sensors have been
enhanced, and sensors for wearable, healthcare, and environ-
mental protection applications have been developed. Further-
more, current research aims to address the challenges of large
area, mass production, and uniformity improvement to realize
the commercialization of hierarchical-structure-based sensors.

4. Challenges and Perspectives

Although research on micro-/nanohierarchical structures physi-
cally engineered on surfaces is being actively conducted and var-
ious potential applications are suggested, some critical limita-
tions (e.g., complex, unstable, expensive, and nonuniform fabri-
cation processes) still hinder the commercialization of hierarchi-
cal structures and broadening of their application scope. As dis-
cussed in Section 2, structural complexity accompanies the com-
plex combinations of different fabrication processes, whereas
commercialization requires low-cost, uniformity, reproducibil-
ity, and highly effective production. In addition, many fabrica-
tion processes of hierarchical structures rely on the mechani-
cal or chemical instability of substrates (e.g., strain mismatch
for wrinkle-based hierarchical structures[42] or resin reflow for
micropattern-based hierarchical structures[44]) and are therefore
poorly suited for large-area reliable production. For example,
micropattern-based hierarchical structures inspired by octopus
suction cups were developed using patterned polymeric master
molds fabricated through a meniscus-assisted solution-based air-
trapping (i.e., partial-wetting) technique.[22] These manufactur-
ing techniques can induce structural instabilities and nonuni-
formities (i.e., large sample-to-sample variation) during the ex-
ecution of liquid- and air-trapping processes. Further improve-
ments in sophisticated fabrication processes such as 3D print-
ing and photolithography as well as increases in process reli-
ability using an artificial intelligence would alleviate the diffi-
culties associated with the manufacturing of 3D structures at a
micro-/nanoscale.[191] In the case of random-structure-based hi-
erarchical structures, randomness can result in the degradation
of sample-to-sample and in-sample uniformity. Alternatively, or-
dered nanostructures or rationally designed micropatterns can
be added as secondary components to improve macroscale uni-
formity and to add periodicity, although further innovative solu-
tions are required for commercialization.

As another critical limitation, fabrication processes with low
design controllability, high technical barriers, and absence of
standardization limit the application scope of hierarchical struc-

tures. To be applied in various fields, these structures should
be easily accessible to researchers via existing standardized pro-
cesses, and various fit-for-purpose designs should be possible.
However, most current processes are often based on the tech-
nical know-how of individual laboratories and have poor con-
trollability. For example, in the fabrication of wrinkle-based hier-
archical structures, deformation mismatch is induced by apply-
ing prestrain to the substrate or subjecting a thermally shrink-
able substrate to heat treatment. These deformations cannot be
easily controlled and standardized because of their instability
and nonuniformity. Therefore, various solutions for increasing
controllability and finding standardized processes such as the
adoption of rationally designed micropatterns and rationally con-
trollable sacrificial layers have been actively studied to resolve
these problems. Moreover, fiber-based hierarchies have limita-
tions, as exemplified by the damage of primary structures dur-
ing fabrication, high entry barriers of processes such as lithog-
raphy and chemical vapor deposition used for micro-/nanofiber
manufacturing, and difficulty of controlling the tip direction of
high-aspect-ratio fibers. Therefore, many researchers have tried
to establish solutions such as the use of sacrificial layers for
the maintenance of primary structure during fabrication, fabri-
cation process streamlining, and control of nanofiber direction
by trapping in micropatterns. Therefore, we expect follow-up re-
search aiming at developing advanced fabrication techniques to
allow a more practical utilization of hierarchical structures and
to broaden their application scope.

5. Conclusion

This review summarized research on micro-/nanohierarchical
structures physically engineered on surfaces and categorized
them according to their basic constituent structures. Most of the
hierarchical structures are constructed by combining two differ-
ent structures with different scales or shapes, and each basic
structure making up the hierarchical structure can be generally
categorized into five groups according to its main function and
shape. Rationally designed micropatterns are used to tune me-
chanical properties or impart the designed surface profile with
uniformity, wrinkles provide highly elevated specific surface area
or stretchability, fibers are used to increase the active specific
surface area, ordered nanopatterns provide surface hydropho-
bicity/hydrophilicity or structural color, while random structures
impart catalytic activity or electrical conductivity. When a hier-
archical structure is constructed by combining these basic con-
stituent structures, one of them imparts or dramatically enhances
the main function (primary structure), while the others (sec-
ondary structures) are combined with the primary structure to
support the main function of the primary structure by obtain-
ing synergistic effects. Thereby, hierarchical structures are cat-
egorized into four groups according to their primary structure,
i.e., rationally designed micropattern-based, wrinkle-based, fiber-
based, and random-structure-based hierarchical structures. For
each of these types, we summarized their recent research trends
and focused on the combinations of different structures with
unique functionality and their potential applications (Table 2).
For example, a bioinspired hierarchical-structure-based stretch-
able superomniphobic surface using nanoscale T-shape (pri-
mary) and microscale wrinkle (secondary) structures maintained
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their superhydrophobicity regardless of the applied strain.[6] The
primary structure helps to achieve high contact angles by con-
trolling the contact area and forming the Cassie–Baxter state re-
quired for omniphobicity, while the secondary structure such as
the stretchable wrinkle structure helps to maintain the contact
angle when pressure or strain is applied. In another example, a
heterogeneous adhesive inspired by tree frog’s toe pads and the
convex cup of octopus suckers was developed.[19] The primary
structure of this heterogeneous adhesive is a microscale hexago-
nal array structure (i.e., a designed micropattern) providing om-
nidirectional peel resistance and drainage, while the secondary
structure is a convex cup structure located on the primary struc-
ture (i.e., a designed micropattern), securing strong adhesion un-
der diverse dry and wet conditions.

We also discussed major applications of hierarchical struc-
tures, namely functional surfaces with controlled contact an-
gle, dry/wet adhesives, energy-related devices, and physi-
cal/chemical/biological sensors. For each application, a proper
hierarchical structure is matched in terms of its characteristics
and field requirements. In the field of functional surfaces with
controlled contact angle, nanostructures have been designed as
primary structures to control the contract area and wetting prop-
erties and thus regulate the contact angle. Notable examples
are superior superomniphobic surfaces based on nanostructures
such as nanohoods, nano-T-shapes, nanospears, and nanopillars.
In view of their propensity to air gap formation, nanohood ar-
rays can be used to generate Cassie–Baxter states.[1–4] In the field
of dry/wet adhesives, the hierarchical structures constructed by
combining two different shapes (e.g., engineered surface pro-
files) are primarily required for adhesion under various dry and
wet conditions. For instance, in a gecko-inspired adhesive, the
microtip-on-micropillar arrays help to increase van der Waals in-
teractions associated with large specific surface area, the num-
ber of hairs (i.e., contact splitting principle),[55] and achieve the
effective compliance of the hierarchical structure.[8,9,17] The ap-
plications of hierarchical structures in energy harvesting (e.g.,
TENGs),[58,62,169–177] storage (e.g., battery electrodes),[127,130,178]

conversion (e.g., electrolyte membranes of fuel cells),[28,179,180]

and self-powered devices[62,181] were also reviewed. The perfor-
mance of most of these devices is directly related to the effec-
tive surface area, i.e., to the physical or chemical contact area.
As hierarchical structures physically engineered on surfaces pro-
vide high mechanical robustness as well as large specific sur-
face area and roughness, they meet the key requirements of
high-performance TENGs. In view of their large reactive surface
area, hierarchical structures also hold great promise for physi-
cal, chemical, and biological sensors. Specifically, these sensor
applications rely on microstructures for constructing the hard-
ware frame in view of their high mechanical stability and rely on
nano-/wrinkle structures to enhance sensitivity by increasing the
reactive area.[31,33–36]

Overall, despite some limitations, especially those related to
complex and nonstandardized processes, active research is being
conducted to solve these technical problems. Research on micro-
/nanohierarchical structures physically engineered on surfaces
has made substantial progress over the past decades. Promis-
ing fabrication processes, materials, and structures for improv-
ing physicochemical properties are now much better understood,
inspiring the development of various functional surfaces and

their potential applications. We believe that the present review
provides overall research directions and perspectives concerning
micro-/nanohierarchical structures physically engineered on sur-
faces and can guide follow-up research, thus aiding the develop-
ment of advanced hierarchical structures with more unique and
practical properties through the design, fabrication, and analysis
of the corresponding unit structures.
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