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ABSTRACT: Architected flexible electronic devices with rationally designed 3D geometries
have found essential applications in biology, medicine, therapeutics, sensing/imaging,
energy, robotics, and daily healthcare. Mechanically-guided 3D assembly methods,
exploiting mechanics principles of materials and structures to transform planar electronic
devices fabricated using mature semiconductor techniques into 3D architected ones, are
promising routes to such architected flexible electronic devices. Here, we comprehensively
review mechanically-guided 3D assembly methods for architected flexible electronics.
Mainstream methods of mechanically-guided 3D assembly are classified and discussed on
the basis of their fundamental deformation modes (i.e., rolling, folding, curving, and
buckling). Diverse 3D interconnects and device forms are then summarized, which
correspond to the two key components of an architected flexible electronic device. Afterward, structure-induced functionalities are
highlighted to provide guidelines for function-driven structural designs of flexible electronics, followed by a collective summary of
their resulting applications. Finally, conclusions and outlooks are given, covering routes to achieve extreme deformations and
dimensions, inverse design methods, and encapsulation strategies of architected 3D flexible electronics, as well as perspectives on
future applications.
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1. INTRODUCTION
The pioneering work on bendable polymer transistors1 in the
1990s marked the arrival of the stretchable electronics era.2

Evolving from conventional rigid forms of electronic devices,
stretchable electronics represent a new generation of device
forms, featuring capabilities of withstanding extreme deforma-
tions involving high degrees of stretching, compression,
bending, and twisting, while maintaining excellent electrical
performances. Over the past two decades, advances in
stretchable electronics have drastically transformed the land-
scape of today’s functional devices and led to the current
prosperities of the field of flexible and stretchable electronics.
Owing to their outstanding deformability, flexible and
stretchable electronics have found numerous practical applica-
tions, spanning many different aspects of daily life and industry,
such as long-term healthcare,3−5 diagnosis and therapeutics,6,7

sports protection8−10 and athletic analysis,11−13 nondestructive
testing of large equipment,14 robotics,15−19 cosmetics,20,21

Internet of things,22,23 among others. Commercialization of
flexible/stretchable electronics is also under way, represented by
a series of startups, such as MC10 (Medidata), iRhythm,
VitalConnect, Chero, LifeSignals, BioIntelliSense, Sibel Health,
c3nano, and Sonica.
The specific terms “stretchable electronics” and “flexible

electronics” were gradually nominated over the history. In this
review, to avoid confusion, we define “stretchable electronics” as
electronics devices that can not only withstand large degrees of
bending and twisting but also high levels of stretch. “Flexible
electronics” are defined as electronic devices with low bending/
twisting rigidities, such that they can bear large degrees of
bending and twisting, without specific restrictions on the
stretchability. In general, two distinct routes have been exploited
to develop flexible and stretchable electronics, including
chemical engineering routes2,24−30 that concentrate to improve
electrical performances of organic electronic materials, and
structural engineering routes2,31,32 that focus on creating novel
architectures of high-performance inorganic electronic materials
to render the flexibility and stretchability. There are plenty of
literature reviews2,32−35 addressing different aspects of stretch-
able and flexible electronics through both chemical and
structural perspectives. Here, this review focuses on flexible/
stretchable electronics achieved by means of structural
engineering.
Structurally engineered flexible/stretchable electronics were

originated from observations of the spontaneous formation of
wavy metal thin films on elastomer substrates (i.e., poly-
dimethylsiloxane (PDMS)).36 The development of stretchable
single-crystal Si architectures31 (i.e., “wavy” Si) pioneered the
structural engineering of flexible/stretchable electronics. Early
flexible/stretchable electronics were mostly in the forms of wavy
architectures and “island-bridge” designs.37−40 Serpentine
designs were later introduced to offer an ultrahigh stretchability,
without evidence reduction of the density of functional
elements.41−45 Other structural design concepts, such as
kirigami,46−52 spiral,53−61 and fractal designs,62−67 were also
proposed to render high levels of stretchability for a limited
prescribed space of the structural layout. Based on these design
concepts, various planar flexible/stretchable electronic devices
were fabricated, achieving applications in diverse areas, such as
daily healthcare,3,11,12,68 robotic machines,69−75 multifunctional
sensors,73−75 solar cells,76−78 and biomedical devices.6,7,79

Despite the significant progress achieved to endow high degrees
of stretchability and flexibility in electronic devices, most of
these devices are still restricted in planar forms, leaving the gap
of geometric shapes and structural functionalities between
flexible/stretchable electronics and natural species unfilled.
Consequently, it is essential to develop 3D architected flexible
electronics that can better conform to complexly shaped
biological objects and/or mimic 3D structural forms of natural
species to realize more unique functionalities than planar
counterparts.
The appearance of 3D forms in flexible electronics naturally

conformed to the logic of industrial upgrading, also marked by
the establishment of many different 3D manufacturing
approaches, including direct ones (e.g., printing techni-
ques,80−84 photolithographic methods,85−87 molding88−90)
and indirect ones (e.g., various mechanically-guided assembly
methods91−107). Printing and photolithographic methods can
form a wide range of 3D structures in almost arbitrary
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geometrical shapes, with feature dimensions ranging from
centimeter scales down to micro- and nanoscales.83,84,87

However, it is challenging to simultaneously manufacture 3D
architectures and integrated circuits using 3D printing and
photolithographic methods because they both suffer from
limitations of applicable materials (e.g., not applicable to
crystalline semiconductors). While molding methods are not
restricted to the accessible types of inks, their achievable
structures are constrained to dissolvable or meltable polymeric
and metallic materials. Additionally, multiple postmolding
procedures are often required to fabricate 3D functional
devices.80,88,90 Mechanically-guided 3D assembly methods
bypass the difficulties faced by direct manufacturing approaches,
through exploiting mechanics principles of materials and
structures (e.g., residual stress,94,108−110 capillary force,111−114

actuation force,115−119 compressive buckling,103,104,120,121 and
the rest119,122,123) to transform planar electronic devices
fabricated using mature semiconductor techniques (Figure 1,
central panel) into 3D architected ones. Such indirect
manufacturing approaches feature broad applicable materials
(including high-performance single-crystal semiconductors),103

postassembly deformability (e.g., structural multistability and
shape morphing),16,17,123,124 and comparable dimensions with
direct ones (i.e., from tens of centimeters down to few hundreds
of nanometers).104,106,107 These characteristics make mechan-
ically-guided assembly a promising route to 3D flexible
electronics with a diversity of structure-induced functionalities
(Figure 1, third circle), thereby enabling many previously hard-
to-achieve applications (Figure 1, outer circle), including single-
cell monitoring,125,126 growing biosensors,79 3D conformal
electronics for organoid culture,127,128 photodetectors with
spatial resolution, eyeball cameras,39,101,129,130 electronic
fliers,22,131 robotics with extreme dimensions and multiple
locomotion modes,16,17 among others.132−135 Although me-
chanically-guided assembly approaches do not offer the same
high-level of geometrical complexity of resulting 3D architec-
tures when comparing to direct manufacturing methods,
significant efforts have been devoted to strengthen their
assembly capabilities from different perspectives, spanning
materials engineering (e.g., growth of heterogeneous materi-

als),91,92,136,137 structural designs (e.g., precursors de-
signs),16,103,138 controlled loadings (e.g., magnitudes, directions,
applied regions)116,124,137,139 and so on.
The review provides a comprehensive overview of the field of

mechanically-guided 3D assembly for architected flexible
electronics. Different from the existing reviews on 3D assembly
methods,35,104−107,140,141 the present review is constructed
centering on a unique topic in the field−the structure-induced
functionalities. We begin with summarizing existing methods of
mechanically-guided 3D assembly based on their distinct
deformation modes (Figure 1, second circle) (i.e., rolling,
folding, curving, and buckling) (Section 2). Then, the 3D
flexible electronic devices are dissected by two different classes
of key structural components, and their various geometric forms
are discussed separately in Section 3 (for interconnects) and
Section 4 (for device forms), followed by their structure-induced
functionalities (Section 5). A broad picture presenting diverse
applications of 3D flexible electronics is provided in Section 6,
covering biological devices, biomedical devices, electromagnetic
devices, optoelectronic devices, energy devices, and robotics.
Finally, conclusions and perspectives are given in Section 7,
addressing current challenges and future directions of
mechanically-guided 3D assembly methods and their resulting
flexible electronics.

2. MECHANICALLY-GUIDED 3D ASSEMBLY
Mechanically-guided 3D assembly methods exploit controlled
mechanical deformations to transform planar electronic devices
into 3D ones with various geometric configurations. Based on
loading schemes and deformation characteristics, mechanically-
guided 3D assembly methods are classified into rolling
assembly,15−17,91−94,108,109,115−119,123,136,137,141−164 folding as-
sembly,95−98,110−114,122,125,134,165−185 curving-induced assem-
bly,39,99−102,129,130,135,186−208 and buckling-guided assem-
bly.16,17,103,104,106,120,121,124,132,138,139,209−244 This section pro-
vides an overview of these four assembly approaches,
emphasizing their distinct design principles.

Figure 1. Overview of mechanically-guided 3D assembly methods for architected flexible electronics. Inner circle: mechanically-guided 3D methods
(i.e., rolling, folding, curving induced, and bucking-guided assembly approaches) that can transform devices manufactured by mature planar
semiconductor techniques into architected 3D structures; Middle circle: a variety of structure-induced functionalities of architected flexible electronics
manufactured using mechanically-guided 3D assembly methods; Outer circle: applications of architected flexible electronics spanning biological
devices, biomedical devices, electromagnetic devices, energy devices, optoelectronic devices, and robots.
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2.1. Rolling Assembly

Through engineered strain mismatches in heterogeneous
structures, rolling assembly approaches typically rely on bending
deformations to form 3D architectures, such as tubes, helices,
and others. Based on the mechanisms to generate strain
mismatches, rolling assembly approaches are divided into two

different subfamilies, i.e., residual-stress-induced rolling assem-
bly and responsive-material-induced rolling assembly (Figure
2a−c). In this review, responsive materials denote materials that
response to different types of physical (e.g., heating,
illumination)16,17,109,117,118,162,163 and chemical (e.g., redox
reactions) stimuli.119,123,158

Figure 2. Assembly based on rolling deformations. (a,b) Representative residual stress-induced rolling of heteroepitaxial crystalline bilayers (a) and
nonepitaxially deposited nanomembranes (b). (c) Self-actuated rolling through use of stimuli-responsive materials. (d) SEM image of a rolled SiGe
nanotube (530 nm in diameter). Reproduced with permission from ref 91. Copyright 2001 Springer Nature. (e) SEM images of rolled SiGe/Si/Cr
helices with different widths and orientations. Reproduced with permission from ref 137. Copyright 2006 American Chemical Society. (f) Rolled tubes
of heterogeneously layered structures using different materials (i.e., Pt, Pd/Fe/Pd, TiO2, ZnO, Al2O3, SixNy, SixNy/Ag, diamond-like carbon, and SiO/
SiO2). Reproduced with permission from ref 108. Copyright 2008 Wiley. (g) Complex 3D hydrogel “flowers” formed by swelling-induced rolling.
Reproduced with permission from ref 115. Copyright 2016 Springer Nature. (h) Artificial cilia formed by residual stress-induced rolling. Reproduced
with permission from ref 123. Copyright 2022 Springer Nature.
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The residual-stress-induced rolling assembly is typically
accomplished through releases of heteroepitaxial crystalline
bilayers91,92,136,137 (Figure 2a), prestressed nonepitaxial nano-
membranes108,162,163 (Figure 2b), and other layered heteroge-
neous structures.94 Figure 2a illustrates the rolling of a typical
heteroepitaxial bilayer crystalline film (consisting ofmaterials 1
and 2with different sets of lattice constants a1 and a2) by the use
of photoresist as the sacrificial layer. In this case, the residual
stress that rolls up the bilayer crystalline film roots in the
different stress states (i.e., tension and compression in the
different layers) caused by lattice mismatch (i.e., a1 > a2). Figure
2b shows the rolling assembly of a prestressed nonepitaxial
nanomembrane through the use of sacrificial layer. Removal of
the sacrificial layer releases the prestress and rolls up the
nanomembrane. Responsive-material-induced rolling assembly
approaches are achieved by rationally creating stress gradients in
heterogeneous films composed of stimuli-responsive and
nonresponsive materials (Figure 2c).
2.1.1. Residual-Stress-Induced Rolling Assembly.

Using lattice mismatch-induced residual stresses, epitaxially
grown heterogeneousmembrane structures consisting of various
crystalline materials can be rolled-up to form 3D tubular or
helical structures in high precision.91,92,137,142 The geometrical
parameters of the prepared tubular or helical microstructures
(e.g., tube diameter, bending angle, helical pitch, helicity angle
and etc.) can be controlled by changing processing parameters

(e.g., etching time),91,92 tuning material properties (e.g., elastic
modulus, lattice constants)136,137 and selecting different geo-
metries of precursors.137 For example, through controlled
release of a SiGe-based (Si/Ge bilayer) heterogeneous thin
film (by adjusting the etching time of the sacrificial layer), a
nanotube with diameter of 530 nm was formed along the [010]
direction (Figure 2d).91 Harnessing the anisotropic stiffness of a
InGaAs/GaAs bilayer, 3D helical structures with engineered
pitches were prepared by controlling the angles between the
stripes and their crystal orientation (i.e., [100] direction).144

Parameters (e.g., the orientation angles of planar precursors)
that control the helicity angle, chirality, diameter, and pitch of
resulting nanohelices were investigated.142 Figure 2e showcases
SiGe/Si/Cr helical nanoribbons with well-defined widths (from
1.30 μm to 0.70 nm) and orientation angles (i.e., between stripes
and crystal orientation), which were fabricated using the
residual-stress-induced rolling.137 Through controlled release
of sacrificial layers, the rolling assembly can also be
accomplished on nonepitaxially grown nanomembranes (e.g.,
with single or multiple layers).108,162 For instance, based on
rolling assembly approaches, nanotubes with controlled
diameters and lengths were prepared using nanomembranes
consisting of a variety of functional materials, including Pt, Pd/
Fe/Pd, TiO2, ZnO, Al2O3, SixNy, SixNy/Ag, diamond-like
carbon, and SiO/SiO2 (Figure 2f).

Figure 3. Assembly based on folding deformations. (a−c) Representative folding strategies using capillary forces, residual stresses, and stimuli-
responsive materials. (d) Optical images of folded PDMS pyramids, cubes, and quasispheres formed using capillary forces. Reproduced with
permission from ref 111. Copyright 2007 Springer AIP Publishing. (e) Folded 3D polyhedral nanostructures by the reflow of Sn within hinges.
Reproduced with permission from ref 113. Copyright 2009 American Chemical Society. (f) Folding based on residual stresses introduced during
focused ion beam (FIB) irradiation. Reproduced with permission from ref 177. Copyright 2015 Springer Nature. (g) Reversible folding of a
multilayered origami structure in hydrogels. Reproduced with permission from ref 178. Copyright 2014Wiley. (h)Magnetically controlled folding of a
flapping “bird”. Reproduced with permission from ref 183. Copyright 2019 Springer Nature. (i) Miura-origami microstructure formed through
electrochemical actuation. Reproduced with permission from ref 122. Copyright 2021 The American Association for the Advancement of Science.
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Additionally, other strategies have also been reported to
introduce residual stresses for the rolling assembly. For example,
taking advantages of grain coalescence-induced capillary
forces,93 the rolling assembly of tubular and arc-shaped
microstructures was realized by melting patterned Sn films on
top of the planar precursors. The release of mismatched tensile
stresses in layered elastomeric composites was exploited to form
arc or helical shapes through rolling.94 Recently, the engineered
plastic strains during peeling processes were harnessed to allow
controlled rolling of planar films into various 3D architec-
tures.164

2.1.2. Responsive-Material-Induced Rolling Assembly.
The second class of rolling assembly approaches mainly leverage
engineered stress gradients created by the utility of specific
characteristics of various stimuli-responsive materials, such as
actuation of smart materials (e.g., hydrogels, liquid crystal
elastomers, shape memory polymers/alloys),109,115−118 varied
thermal expansion coefficients,245 material phase transi-
tions,119,162,163 among others.123 Hydrogel-based composites
are capable of forming complex 3D configurations (Figure 2g)
by swelling-driven rolling assembly.115 By programming the
actuation of thin liquid crystal elastomer (LCE) sheets through
ordered alignments of mesogens, complex 3D shapes were
demonstrated by rolling assembly.116 In addition to the above
single-step rolling, a two-stage rolling assembly can also be
achieved to allow developments of actuators capable of
reversible 3D-to-3D deformations. For instance, utilizing U-
shaped shape memory alloy (SMA) wires embedded in a bilayer
elastomer with an engineered strain mismatch (i.e., one layer is
with prestretch, the other is unstretched), 3D structures were
fabricated, featuring a fast 3D-to-3D actuation capability.109,161

Particularly, the predetermined strain mismatch of the two
elastomeric layers led to the first rolling assembly stage that
formed an arc-shaped initial configuration of the actuator.
Harnessing the shape memory effect of the embedded SMA
wires, secondary reversible rolling was achieved to generate
driving forces. A similar two-stage rolling assembly was also
realized, taking advantage of the photothermally induced phase
transition of VO2 nanomembranes.163 In detail, tubular VO2
nanomembranes with predefined geometries were first
assembled using residual-stress-induced rolling. Then, the
photothermally induced phase transition led to the second
order of reversible rolling assembly, featuring precisely
controlled curvature regulation. An active metasurface com-
posed of artificial cilia (i.e., arc-shaped Pt/Ti bilayer ribbons,
Figure 2h)123 was fabricated following the same sequence of
two-stage rolling assembly but enabled by electrochemical redox
reactions of Pt/PtOx.
2.2. Folding Assembly

Folding assembly approaches exploit localized bending
deformations to fold planar precursors with predefined creases
into various 3D geometries, such as polyhedral or origami
structures. The forces that lead to folding can be classified as
external forces111−114,176 (e.g., capillary forces) and internal
forces110,122,167,174,178 (e.g., forces induced by engineered strain
mismatch). The external-capillary-force-induced folding relies
on the surface tension of liquid materials such as melted metals
and droplets to drive the assembly process (Figure 3a).
Meanwhile, internal forces can be introduced by using
prestressed nanomembranes or responsive materials, as
demonstrated in Figure 3b,c. This section reviews folding

assembly methods through capillary-force-induced, residual-
stress-induced, and responsive-material-induced routes.
2.2.1. Capillary-Force-Induced Folding Assembly. The

most straightforward way to leverage capillary forces is by using
droplets. For example, pyramids, cubes, and quasi-spheres were
formed using PDMS precursors with predesigned triangular,
crossing, or flower-like shapes (Figure 3d).111,112 Particularly,
the area reduction of the liquid−air interface via evaporation
indicates the consumption of total surface energy of the original
droplet. Apart from the dissipated energy (e.g., in forms of heat),
the rest of the consumed surface energy transfers to the elastic
strain energy of the patterned precursors, allowing the
controlled folding of these structures into 3D configurations.
Analytical models that capture mechanisms of folding assembly
approaches through capillary forces were established.112,168

Reversible folding assembly routes were later developed to form
deformable 3D structures.176

In addition to droplets, building meltable hinges using
materials with relatively low melting points (e.g., metallic
materials such as In and Sn) can also accomplish folding in a
well-controlled manner.113,114 Because of the compatibility with
mature planar microfabrication methods, the folding of 3D
structures can be implemented at nanoscale. For instance, 3D
folding microcontainers capable of chemical encapsulation,
guided delivery, and spatially controlled chemical reactions were
demonstrated by using melting of the patterned Sn solder
hinges.114 Similarly, Figure 3e demonstrates the folding
assembly of stable 3D polyhedral nanostructures driven by the
reflow of Sn within the hinges.113

2.2.2. Residual-Stress-Induced Folding Assembly.
Advanced processing techniques of thin films can accurately
confine residual stresses at hinged regions to enable controlled
folding deformations. Commonly used approaches for this
purpose include ion-beam irradiation,177,246 as well as
heteroepitaxial and nonepitaxial deposition processes.95,97,98,167

Focused ion beams (FIBs) can create voids at hinges, and,
then, fill them with energized ions to simultaneously release
compressive stresses and fold planar structures into many
desired 3D configurations (Figure 3f).177 Through hetero-
epitaxial thin-film deposition, complex 3D micro-origami
structures were demonstrated.95 In addition, harnessing residual
stress during nonepitaxial growth of Cr layer, 3D microgrippers
that could be thermally or chemically actuated were fabricated
using the folding assembly.167

2.2.3. Responsive-Material-Induced Folding Assem-
bly. Folding assembly using responsive materials can form 3D
architectures with high levels of geometric complexity. For
example, an origami “bird” structure was assembled using
trilayer polymer films with different degrees of photo-cross-
linking, capable of swelling-induced reversible folding (Figure
3g).178 Heterogenous layered structures composed of shape
memory polymers (SMPs), paper, and resistive circuits, were
exploited to form thin film-shaped flexible actuators
(TFFAs).174 Harnessing the folding assembly of these TFFAs,
a facile fabrication route to shape-shifting crawling robots with
complex 3D configurations was established.175 By introducing
magnetically controlled single-domain nanomagnet arrays in the
folding assembly process, an origami “bird” that could flap its
wings under an out-of-plane magnetic field was fabricated
(Figure 3h).183 Through the use of residual-stress-induced
folding and the introduction of electrochemically responsive Pt/
Ti hinges, 3D micro-origami structures capable of reversible
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deformation were prepared and demonstrated as actuators
(Figure 3i).122

2.3. Curving-Induced Assembly

Curving-induced assembly approaches can allow formation of
3D flexible electronics that conform to arbitrary curvilinear
surfaces.102 Curving-induced assembly relies on various transfer
printing techniques to integrate planar electronic devices with

complex 3D curved surfaces.106 This section reviews two typical
transfer printing strategies for curving-induced assembly,
i n c l u d i n g p l a n a r 3 9 , 9 9 a n d n o n p l a n a r s t r a t -
egies.195,196,201,205,207,247,248

2.3.1. Curving-Induced Assembly Based on Planar
Transfer Printing. The curving-induced assembly39 based on
planar transfer printing (Figure 4a) involves multiple steps that

Figure 4. Curving-induced assembly using transfer printing techniques. (a) Assembly of a hemispherical silicon focal array through the use of a biaxial
prestretch that flattens the substrate to facilitate the transfer printing. Reproduced with permission from ref 39. Copyright 2008 Springer Nature. (b)
Assembly of electrical circuits on wavy substrates via hydro-printing. Reproduced with permission from ref 196. Copyright 2017 Wiley. (c) Vacuum-
assisted transfer printing strategy. Reproduced with permission from ref 186. Copyright 2008 Elsevier. (d) Transfer printing using pneumatically
inflated elastomeric balloons as conformal stamps. Reproduced with permission from ref 201. Copyright 2019 Springer Nature. (e) Optical images of
the serpentine metal mesh on the pyramid surface and the convex-shaped kirigami imager. Reproduced with permission from ref 201. Copyright 2019
Springer Nature. Reproduced with permission from ref 130. Copyright 2021 Springer Nature. (f) Assembly of conformal 3D electronics through
thermoforming of a patterned 2D precursor structure. Reproduced with permission from ref 207 under CC BY. Copyright 2021 The American
Association for the Advancement of Science. (g) Microscale transfer printing on curved substrates using reflowable stamps. Reproduced with
permission from ref 203 under CC BY. Copyright 2022 The American Association for the Advancement of Science.
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include: (i) fabrication of a 3D intermediate elastomer substrate
(i.e., hemispherical PDMS substrate) and the planar device (i.e.,
focal array); (ii) flattening the as-prepared 3D intermediate
substrate followed by the transfer printing of the as-fabricated
device onto the flattened substrate; and (iii) relaxation of the
substrate followed by the transfer printing of the curved device
from substrate to the target curved surface. Electronic devices
that conform to complex curved surfaces, such as golf balls,

pyramidal substrates, convex paraboloid substrates, and even
human heart models were prepared through this type of curving-
induced assembly.99

2.3.2. Curving-Induced Assembly Based onNonplanar
Transfer Printing. Various nonplanar transfer printing
techniques, such as hydroprinting,195,196 vacuum-assisted trans-
fer printing,186 transfer printing using specifically architected 3D
flexible stamps190,201 (e.g., hierarchical stamps and pneumati-

Figure 5. Buckling-guided assembly: schematic illustrations, 2D precursor designs, and substrate designs. (a) Schematic illustrations of the process of
buckling-guided assembly. (b) Typical 3D mesostructures formed using various 2D precursor designs (filamentary, kirigami, origami, multilayer, and
microlattice designs). Reproduced with permission from ref 236. Copyright 2021 The American Association for the Advancement of Science.
Reproduced with permission from ref 120. Copyright 2015 National Academy of Sciences. Reproduced with permission from ref 210. Copyright 2016
Wiley. Reproduced with permission from ref 121 under CC BY. Copyright 2016 The American Association for the Advancement of Science.
Reproduced with permission from ref 138. Copyright 2023 The American Association for the Advancement of Science. (c) 3D mesostructures with a
diversity of composing materials (e.g., doped silicon, graphene, PVDF and magnetic PDMS elastomer). Reproduced with permission from ref 249.
Copyright 2018 American Chemical Society. Reproduced with permission from ref 233. Copyright 2020Wiley. Reproduced with permission from ref
132. Copyright 2019 Springer Nature. Reproduced with permission from ref 237. Copyright 2021 Wiley. (d) Typical substrate designs used in the
buckling-guided assembly, including substrates with engineered thickness/modulus, kirigami substrates, and curved substrates. Reproduced with
permission from ref 212. Copyright 2017Wiley. Reproduced with permission from ref 224. Copyright 2019 American Chemical Society. Reproduced
with permission from ref 232. Copyright 2019National Academy of Sciences. Reproducedwith permission from ref 240 under CCBY. Copyright 2022
The American Association for the Advancement of Science. (e) Assembly based on substrates composed of different active materials (e.g., hydrogel,
LCE, DE, and SMP). Reproduced with permission from ref 230. Copyright 2019 Wiley. Reproduced with permission from ref 234. Copyright 2021
American Chemical Society. Reproduced with permission from ref 225. Copyright 2019 Oxford University Press. Reproduced with permission from
ref 226. Copyright 2019 Wiley.
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cally inflatable balloon stamps) have been developed to enable
curving-induced assembly. These techniques feature the direct
formation of conformable electronics on complex curved 3D
substrates.
Hydroprinting (Figure 4b (i−iv)) contains four steps: (i)

printing patterned electrical circuits on a water-soluble
substrate, dissolving the substrate to release the circuits, and
floating them on the air−water interface; (ii) letting the curved
target substrate approach the floating circuits on the interface;
(iii) immersing the target substrate to form strong conformal
contact with flexible electronic circuits; and (iv) flipping and
drying the substrate with integrated circuits.196 Vacuum-assisted
transfer printing (Figure 4c) leverages low rigidities of PDMS
stamps to form conformal contact with the target substrate.186

Hierarchical perfluoropolyether stamps capable of adaptive
deformations were adopted to allow curving-induced assembly
of 3D conformal electronic devices on curved substrate with
micropatterns.190 By the use of a pneumatically inflated
elastomeric balloon as a conformal stamp for both pickup and
delivery (Figure 4d), nonplanar transfer printing of flexible
electrical circuits can also be accomplished.201 The high level of
deformability of the above balloon stamp allows the assembly of
flexible electronics on many complex 3D surfaces, such as the
pyramid surface shown in the top panel of Figure 4e.201 The
concept of kirigami was also introduced to improve the
conformability of planar electronic circuits to nondevelopable
curvy surfaces.130,206,208 For example, an array of ultrathin
silicon optoelectronic pixels with kirigami design was formed on
a spherical cap by curving-induced assembly (Figure 4e, bottom
panel).130 Recently, a microscale transfer printing approach
(Figure 4f) was developed using reflowable materials (e.g., sugar
mixture) that can stretch to conform to surfaces with complex
topographies and small curvature radii.207 Apart from the above,
nonplanar direct printing method harnessing thermosplasticity
was employed to assemble liquid metal circuits on irregular 3D
surfaces (Figure 4g).203

In summary, the curving assembly methods based on
nonplanar transfer printing are more straightforward and
effective, when compared to those via planar transfer printing
techniques. However, the accurate positioning and alignment of
electronic components with respect to the target substrates
often stand as technical issues hindering their widespread
practical applications, especially on small scales. In particular,
the hydroprinting technique features fast and low-cost
manufacturing, but the process can be completed only under
aqueous environments. The nonplanar transfer printing through
the use of elastomeric stamps (e.g., PDMS) stands as the most
common and facile method. However, the limited deformability
of bulky stamps hinders their application in the fabrication of
electronic devices on surfaces with large curvatures as well as the
preparation of devices consisting of fragile elements. When
comparing with bulky stamps, the flexible balloon stamps
present better deformability, which can be utilized to prepare
electronic devices on surfaces with complex curvatures. Transfer
printing techniques taking advantages of reflowablematerials are
capable of fabrication of micro- to nanoscale devices on curved
complex surfaces. However, the underlying mechanisms of the
associated interface mechanics (e.g., adhesion and delamina-
tion) need to be better understood. The nonplanar transfer
printing based on thermoplasticity features low-cost, rapid
fabrication. However, due to the requirement of the heating
process, it might not be ideal for the manufacturing of electronic
devices consisting of temperature sensitive elements.

2.4. Buckling-Guided Assembly
Buckling-guided assembly approaches103,106 are usually accom-
plished by sequential processes that include (i) design and
preparation of 2D precursors with predefined geometries, (ii)
selective bonding (e.g., typically covalent bonding) of 2D
precursors onto a prestrained elastomer substrate with
controlled loading magnitudes, and (iii) release the prestrain
of the substrate to finish the assembly. The detailed schematic
illustrations of an exemplary buckling-guided assembly
procedure are shown in Figure 5a. Buckling-guided assembly
methods allow access to a wide range of complex 3D geometries
with dimensions from tens of centimeters down to a few
hundreds of nanometers. The excellent compatibility with well-
established planar manufacturing techniques endows the
applicability to a broad family of functional materials, spanning
both organic and inorganic materials, such as polymers (e.g.,
polyimide (PI), PDMS, SU-8, polyvinylidene fluoride (PVDF),
SMP and etc.), metals (e.g., Cu, Au, Ag, SMA and etc.),
semiconductors (e.g., Si, Ge, GaAs), ceramics (e.g., lead
zirconium titanate (PZT)) and other electronic materials (e.g.,
graphene, carbon nanotube (CN) and etc.). This section
reviews buckling-guided assembly approaches from perspectives
that control such a process, including 2D precursor designs,
substrate designs, loading-path-based strategies, schemes for
interface control, and strategies for freestanding 3D meso-
structures.
2.4.1. 2D Precursor Designs. Various 2D precursor

designs, involving filamentary,103,209,223,236 kirigami,120 origa-
mi,210,213 multilayer,121 and microlattice designs,138 were
developed to enable formation of 3D architectures with high
degrees of complexities and diversities (Figure 5b). Filamentary
designs (Figure 5b, filamentary)236 typically consist of slender
thin ribbons to ensure that large out-of-plane bending and
twisting deformations can be induced to realize their trans-
formation into desired 3D configurations such as helices209 and
frameworks.223 Kirigami designs (Figure 5b, kirigami) feature
the reduction of stress concentration during buckling-guided
assembly by introducing strategic cuts, thereby enabling access
to diverse 3Dmembranemesostructures (e.g., bionic “tiger”).120

Origami designs (Figure 5b, origami) usually harness
engineered folding creases in 2D precursors to form various
3D mesostructures by buckling-guided assembly.210 Multilayer
designs are realized by the use of patterned 2D precursors with
predefined multilayer layouts, rendering densely distributed
complex 3D multilayer configurations (Figure 5b, multi-
layer).121 Recently, inspired by cellular biological surfaces, a
rational microlattice design strategy was developed as a powerful
route to achieve desired stiffness distribution of 2D microfilms,
thereby allowing their transformation into programmable 3D
curved mesosurfaces through the buckling-guided assembly.138

A wide range of materials were incorporated with the above
divergent 2D precursor designs, enabling the manufacturing of
many different architected multifunctional flexible electronic
devices (Figure 5c).132,233,237,249

2.4.2. Substrate Designs. Various substrate design
strategies, including substrates with engineered thickness212/
modulus,224 kirigami designs,232 substrates with curved 3D
configurations (i.e., for ordered buckling-guided assembly)240

and hierarchical designs,241 are devised to enable different forms
of forces applied to the 2D precursor, thereby enriching the
family of accessible 3D architectures through the buckling-
guided assembly. Using substrates with engineered distributions
of stiffness (e.g., Figure 5d, first and second column, by changing
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Figure 6. Buckling-guided assembly: loading-path-based strategies and schemes for interface control. (a) Tensile buckling strategy for the assembly of
stretchable LED arrays. Reproduced with permission from ref 216. Copyright 2018 Springer Nature. (b) Loading-path controlled strategy for the
assembly of bistable 3Dmesostructures and radiofrequency (RF) circuits. Reproduced with permission from ref 124. Copyright 2018 Springer Nature.
(c) Ordered assembly process of 3D leaf-like structures on a helicoidal substrate with FEA predictions and an optical image. Reproduced with
permission from ref 240 under CC BY. Copyright 2022 The American Association for the Advancement of Science. (d) Interface weakening through
use of sacrificial layers. Reproduced with permission from ref 210. Copyright 2016 Wiley. (e) Wrinkling-assisted strategy for controlled interface
delamination. Reproduced with permission from ref 244. Copyright 2023 Elsevier. (f) Interface control through use of elastomer substrates with
microstructured surfaces. Reproduced with permission from ref 242 under CC BY. Copyright 2023 Springer Nature. (g) Electroadhesion-mediated
strategy for controlled interface adhesion. Reproduced with permission from ref 243. Copyright 2023 ASME INTERNATIONAL.
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thickness212 and modulus,224 respectively), varied compressive
strains are applied to different local regions of the 2D precursor.
As such, the spatially varying 2D-to-3D transformation can be
realized, leading to the formation of 3D mesostructures with a
desired gradient of the height (i.e., the dimension along the out-
of-plane direction). Substrates with kirigami designs allow large
rotational motions, thus, enabling additional local twisting
deformations of 2D precursor structures (Figure 5d, third
column).232 By the use of substrates with curved 3D
configurations, an ordered buckling-guided assembly can be
accomplished, allowing transformation of 2D precursors into
sophisticated 3D structures on diverse curved surfaces, such as
themicroscale helical networks assembled on a brain-like surface
(Figure 5d, rightmost).240 The hierarchical design strategy of
the substrate renders the buckling-guided assembly of not only
the 2D precursors but also the secondary layer of the substrate
during the same process, allowing the creation of 3D
mesostructures mounted at multiple-level 3D frameworks with
complex configurations.241

Additionally, the use of responsive materials in the substrate
allows more flexible loading forms for the buckling-guided
assembly, when comparing to substrates consisting of conven-
tional elastomeric materials (Figure 5e).234 For example, the use
of thermally responsive hydrogels230 or LCEs234,235 can enable
thermal-mechanically controlled buckling-guided assembly in a
reversible manner. Dielectric elastomers were also used as
substrates for electro-mechanically controlled buckling-guided
assembly, achieving sequential and local loading with desired
strain distributions.225 Furthermore, by the use of SMP
substrates, the buckling-guided assembly can be exploited to
form 3D structures with certain level of reconfigurability.226

2.4.3. Loading-Path-Based Strategies. By controlling
loading paths and forms, the deformation modes of patterned
2D precursors can be enriched during the buckling-guided
assembly to enhance the geometric diversity of the resulting 3D
architectures. As an example, the tensile loading simplifies the
process of buckling-guided assembly, and extends the accessible
range of 3D topologies by avoiding the prestretch of elastomeric
substrates (Figure 6a, flexible LED array assembled by tensile
buckling).216 By selecting the time sequences or release path of
biaxial prestrain in the substrate, specially engineered 2D
precursors can be assembled into different stable 3D
configurations, thereby allowing the formation of reconfigurable
3Dmesostructures.124,139,250 For instance, as shown in Figure 6b
(left), the simultaneous release of equal 100% biaxial strain
results in a “pop-up” structure of Shape I, while the sequential
release of biaxial strain (i.e., first release the prestrain in x-axis,
followed by the y-axis) reshapes the 2D cross-ribbon structure
into a “pop-down” structure of Shape II.124 Based on this
concept, many reconfigurable flexible devices, such as 3D
radiofrequency (RF) circuits, can be formed by the buckling-
guided assembly (Figure 6b (right)). Taking advantages of such
sequential and directional control of loading paths, a bottom-up
design route to geometrically reconfigurable 3D mesostructures
was established using ribbon-formed components as building
blocks.139 Furthermore, by buckling-guided assembly with
ordered loading paths, various 3D mesostructures are formed
on complex curved surfaces. Taking the ordered loading240

using helicoid substrates as an example (Figure 6c), the substrate
was first flattened by applying torsional loadings (720°),
followed by an additional uniaxial prestretch (20%). After
selective bonding of the 2D precursor, release of the prestretch
(20% uniaxial prestrech) enabled the first-order assembly of leaf-

Figure 7. Buckling-guided assembly: strategies for freestanding 3D mesostructures. (a) Process of forming freestanding 3D mesostructures by the use
of the SU-8 base. Reproduced with permission from ref 214 under CC BY. Copyright 2017 National Academy of Sciences. (b) 3D shape fixation
enabled by controlled plasticity of the metal layer. Reproduced with permission from ref 214 under CC BY. Copyright 2017 National Academy of
Sciences. (c) Peekytoe crab-like freestanding 3D mesostructure formed by introducing a conformal SiO2 shell after the assembly. Reproduced with
permission from ref 17. Copyright 2022 The American Association for the Advancement of Science. (d) SMP-based freestanding 3D electronic
devices. Reproduced with permission from ref 228. Copyright 2018 Wiley.
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like 3D structures on both sides of the flattened substrate, and
further release of the torsion allowed transformation of the
substrate into the helicoid surface, resulting in the spatial
rearrangement of two leaf-like 3D structures during the second-
order assembly.
2.4.4. Schemes for Interface Control. The buckling-

guided assembly approach requires simultaneous and selective
formations of weak interfaces that ensure full delamination of
desired parts of precursors and strong interfaces that firmly bond
the selective sites of precursor on the substrate (i.e., bonding
sites).222 At the macroscale, the structural stiffnesses of 2D
precursors are usually sufficient to drive the delamination during
buckling-guided assembly, and therefore, the interface control
strategies are focused on building strong interfaces that bond the
precursor with the substrate. Differently, at the micro- to
nanoscale, the unavoidable influences by van der Waals forces
and drastically reduced structural stiffnesses make the
delamination very difficult. In this case, engineered weak
interfaces are necessary to ensure a successful assembly process.
Strategies relying on the use of sacrificial layers to create gaps

between 2D precursors and substrates are promising to build
weak interfaces, rendering the successful assembly of an origami
structure (i.e., with relatively large surface contact) by the
buckling-guided approach (Figure 6d).210 In addition, the use of
assisting layers to introduce initial disturbance to the buckling-
guided assembly can also effectively facilitate the delamination
of precursors.132,244 For instance, a patterned PI ribbon was
adopted as an underlying supporting layer for the assembly of
thin PVDF structures with ultralow stiffnesses (e.g., serpen-
tines).132 Recently, a wrinkling-assisted interface control
strategy was developed to evidently facilitate the delamination
at desired regions of the film/substrate system.244 In particular,
an additional assisting layer was exploited such that the original
film−substrate interface was replaced by a weaker film-assisting-
layer interface, and the formed wrinkles in the assisting layer
induce additional driving forces to separate the film-assisting-
layer interface (Figure 6e). Besides, the microtexturing of
substrate surfaces is found effective to control the interface
during the buckling-guided assembly.231,242 As shown in Figure
6f, by the use of substrates with patterned voids, the direction
(i.e., pop-up and pop-down), magnitude, and mode of buckling
deformations can be accurately controlled by varying the pillar
strain (εpillar), trench strain (εtrench), and boundary constraints
(Wpillar).

242

Apart from creating weak interfaces to facilitate delamination,
building strong interfaces in a controlled manner was also
explored to enrich the obtainable 3D architectures through
buckling-guided assembly. For example, the electroadhesion-
mediated strategy was developed to achieve controlled adhesion
by varying the applied voltages during the buckling-guided
assembly, giving rise to various reconfigurable 3D mesostruc-
tures (Figure 6g).243

2.4.5. Strategies for Freestanding 3D Mesostructures.
Based on the buckling-guided assembly, several approaches have
been proposed to achieve freestanding 3D mesostructures after

separation from the substrate, including the use of photo-cross-
linkable bases,214 introducing plastic deformations,213,239

creating portable mechanical constraints,17,138,227 and exploiting
materials with shape memory effects.228,235 For example, by
drop casting of SU-8 and photo-cross-linking from the backside,
a freestanding 3D mesostructure with a very thin SU-8 base of a
similar size can be prepared (Figure 7a).214 Plastic deformations
of metallic213,214 and thermoplastic materials239 were also
employed to maintain the assembled 3D configurations. For
example, the plastic deformations of the copper layer were
utilized to maintain the 3D configuration of a cubic structure
after the release from the substrate, as shown in Figure 7b.214 In
addition, mechanical constraints were also utilized to fix the
assembled 3D configurations after removing the substrate, such
as buildingmechanical interlocks227 (e.g., elements composed of
lugs and hooks) or creating stiffer conformal encapsulating
shells17 (e.g., SiO2 in Figure 7c). Furthermore, materials with
shape memory effects, such as SMPs228 and LCEs,234,235 can
also be exploited to fix the as-assembled configurations and form
freestanding 3D mesostructures, as demonstrated in Figure 7d.
By means of rolling assembly, folding assembly, curving-

induced assembly, and buckling-guided assembly, 3D architec-
tures with numerous geometric configurations, such as tubular,
helical, polyhedral, origami, hemispherical, irregularly curved,
and complex forms, can be manufactured using various
functional materials ranging from polymers, metals, high-
performance single-crystal semiconductors, to 2D materials
and other electronic materials. A detailed comparison table
(Table 1) is presented, summarizing typical geometries,
achievable scales and reversibility of the four main mechan-
ically-guided assembly methods. In particular, rolling assembly
methods are usually exploited to prepare tubular or helical 3D
configurations, with the accessible curvature radius down to sub-
10 nm.136 The rolling process can be either reversible or
irreversible, depending on the applied mechanisms/materials
(e.g., the use of hydrogels, LCEs, and other stimuli-responsive
materials could result in reversible rolling). The typical
geometries achievable by the use of folding assembly methods
include polyhedron and other origami forms, and the minimum
structural dimension of such folded configurations (i.e., in the
range of hundreds of nanometers114) is slightly higher than the
rolled ones, due to their higher levels of structural complexities.
Curving-induced assembly usually requires the use of prede-
signed substrates to provide a base for the deformable device
precursor to form desired 3D configurations through various
transfer printing techniques, and its minimum achievable
structural dimension could be tens of micrometers.207 The
buckling-guided assembly methods require the use of elastomer
substrates to transform planar device precursors with well-
designed geometries into a broad family of complex 3D
configurations. Such methods are highly scalable, and can be
exploited to fabricate 3D architected devices ranging from
submicrometers to tens of centimeters.221,242 To summarize,
these mechanically-guided assembly methods have clearly
outlined the routes to the constructions of architected flexible

Table 1. Comparison of Four Main Types of Mechanically-Guided 3D Assembly Methods

Assembly methods Typical geometries Achievable minimum scales Reversibility Reference

Rolling assembly Tubes, helices, etc. Sub-10 nm Irreversible/reversible 91, 136, 156, 162, 163
Folding assembly Polyhedron, origami forms, etc. Hundreds of nanometers Irreversible/reversible 112, 114, 122, 171
Curving-induced assembly Curvilinear forms Tens of micrometers Irreversible 39, 99, 102, 130, 207
Buckling-guided assembly A wide range of complex 3D geometries A few micrometers Reversible 103, 104, 106, 221, 242
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electronic devices, by first building the structures of devices (i.e.,
interconnects and main bodies) and second incorporating
structural functionalities.

3. 3D INTERCONNECTS
Conventional interconnects mainly use inorganic electronic
materials, such as metals (e.g., Au, Ag, and Cu) and
semiconductors (e.g., Si), that do not stretch much (i.e., the
fracture strain of silicon is only ca. 1%).2 In order to build
architected flexible electronic devices, the conductivity and
stretchability of the exploited interconnects are required
simultaneously. Therefore, constructing interconnects with
flexible structures using high performance inorganic electronic
materials is complementary. Thinning membranes to extreme
makes brittle inorganic materials bendable.251 For example, the

Si nanomembrane with a thickness down to ca. 2 nm exhibits
flexural rigidities far smaller (e.g., by 15 orders of magnitude)
than those of bulk wafers (with thickness of ca. 200 μm). Based
on this principle, 3D interconnects in the forms of arc-
shaped,31,37−40,99,251−276 serpentine,40,277,278 and heli-
cal103,209,279−282 are designed and fabricated to provide high
levels of stretchability, flexibility, and conformability that fulfill
the requirements of 3D architected flexible electronic devices.
3.1. 3D Arc-Shaped Interconnects

This section reviews 3D arc-shaped interconnects based on their
different structural designs, including wavy designs, island-
bridge designs, and other designs.
3.1.1. Wavy Designs. Given that there are plenty of

reviews252,264,265,268 addressing wavy designs in forms surface
wrinkles (Figure 8a, shape I), here, we review only the wavy

Figure 8. 3D arc-shaped interconnects. (a) Schematic illustration of the fabrication strategy of wavy structures based on the buckling-guided assembly.
Reproduced with permission from ref 38. Copyright 2006 Wiley. (b) SEM image of a wavy structure array. Reproduced with permission from ref 37.
Copyright 2006 SpringerNature. (c) Schematic illustration of the process for fabricating wavy structures on PDMS substrates (Top) andGaAs ribbons
formed on PDMS substrates with different prestrains and different widths (Win) of the inactivated region (Bottom). Reproduced with permission from
ref 37. Copyright 2006 Springer Nature. (d) Schematic illustrations of the representative fabrication process for island-bridge structures on an
elastomeric substrate via buckling-guided assembly. Reproduced with permission from ref 263. Copyright 2009 AIP Publishing. (e) Deformed
configuration of the island-bridge structure under bending. Reproduced with permission from ref 40. Copyright 2008 National Academy of Sciences.
(f) Island-bridge structures on a curved surface. Reproduced with permission from ref 99. Copyright 2009Wiley. (g) Flexible electronics consisting of
arc-shaped liquid metal interconnects. The left panel shows a flexible LED array with arc-shaped interconnects, and the right panel illustrates the
preparation process. Reproduced with permission from ref 270. Copyright 2023 Springer Nature.
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designs in forms of out-of-plane 3D configurations (Figure 8a,
shape II).38 Such wavy designs formed by the buckling-guided
assembly (Figure 8b,c) represent early forms of stretchable
electronics consisting of rigid functional components.37

Analytical models of such wavy structures have been developed
to predict the buckling configuration and peak strain during the
assembly.37

The buckling profile can be expressed by a sinusoidal function
as

(1)

where w is the deflection along the y axis, A is the buckling
amplitude to be determined, x1 is the ribbon direction, 2L1 =
Win/(1 + εpre) is the buckling wavelength, 2L2 =Win /(1 + εpre) +
Wact is the sum of activated (with strong chemical bonds) and
inactivated (with unmodified surface chemistry) regions after
relaxation, and εpre is the prestrain of the elastomeric substrate
(Figure 8c).
Minimization of the total energy (Utot) consisting of bending

energy and membrane energy with respect to the buckling
amplitude A gives

(2)

where is the critical strain for buckling, in which h

denotes the film thickness. The experimental and theoretical
profiles of buckled GaAs thin films formed on the PDMS
substrate with different εpre and Win values agree well (Figure

8c). The peak strain in the buckled thin film is

, which is typically much smaller than the

prestrain.
3.1.2. Island-Bridge Designs. Evolving from wavy

structures, island-bridge designs were later developed and
widely used for flexible electronics.39,40,256,263,274,275 Similar to
arc-shaped wavy designs, arc-shaped island-bridge designs are
also formed through the buckling-guided assembly. Figure 8d
illustrates the fabrication process of a typical island-bridge
structure, where discrete islands (e.g., containing rigid functional
components) adhered to an elastomer substrate are connected
by stretchable bridges (e.g., electrically conductive intercon-
nects).263 Notably, owing to low levels of strain in islands (i.e.,
mechanical strain isolation), such designs can simultaneously
provide high stretchability and excellent protection of functional
electronic components. Therefore, flexible electronic devices
using island-bridge designs can withstand high-degrees of
bending and twisting deformations (Figure 8e),40 and conform
to curved 3D surfaces such as hemispheres (Figure 8f).99

Many theoretical models were developed to guide the designs
of arc-shaped is land-bridge interconnects in 3D
forms.256,263,274,275 For example, a mechanical model to predict
the buckling configurations was developed by assuming the
ribbon as a clamped beam of sinusoidal form.263 However, this
model is not accurate enough in the regime of large
compressions (e.g., compressive strain >40%). To improve the
accuracy, a finite deformation model was later established,
enabling precise predictions of deflections and peak strains in
island-bridge designs.274 Additionally, the mechanics of island-
bridge interconnects in curvilinear electronic devices were also
investigated to allow a rational design.256,275

Figure 9. 3D serpentine interconnects. (a) SEM image of a stretchable CMOS inverter array using 3D serpentine interconnects. Reproduced with
permission from ref 40. Copyright 2008 National Academy of Sciences. (b) Optical images of 3D serpentine interconnects under stretch. Reproduced
with permission from ref 40. Copyright 2008 National Academy of Sciences. (c) Optical images and FEA results of deformed configurations of 3D
serpentine interconnects under uniaxial stretching. The color in the FEA results denotes the magnitude of the maximum principal strain. Reproduced
with permission from ref 278. Copyright 2009 Wiley.
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Arc-shaped interconnects based on the curving-induced
assembly were also proposed.270 In particular, by harnessing
the fluidity and high conductivity of liquid metal alloys,
stretchable 3D interconnects were prepared for uses in
electronic devices. As shown in Figure 8g, exploiting the
solid−liquid phase transition and plastic deformations of the
liquid metal alloy (i.e., Ga-based liquid metal alloys), 3D arc-
shaped interconnects were fabricated through the curving-
induced assembly.270

3.2. 3D Serpentine Interconnects. Compared to arc-
shaped 3D interconnects, serpentine interconnects in 3D forms

exhibit higher levels of stretchability.40,278 As shown in Figure
9a, a stretchability of 70% was achieved in flexible electronic
devices by using 3D serpentine interconnects formed by the
buckling-guided assembly. In particular, as shown in Figure 9b,
for a system assembled with 35% prestrain, when the uniaxial
stretching gradually increased to 40%, the 3D serpentine
interconnects almost returned to their planar configurations.
Through in-plane rotation and out-of-plane buckling of 3D
serpentine interconnects, the whole system can accommodate
up to 70% tensile strain without failure. By tuning the assembly
parameters (e.g., prestrains) and geometric layouts (e.g., the

Figure 10. 3D helical interconnects. (a) Helical interconnects with three typical precursor designs. The left panel shows SEM images of single-helix,
dual helix, and nested helix designs with their corresponding FEA predictions. The right panel demonstrates the dependences of average curvature
components and the mode ratio of a 3D helical interconnect on the prestrain. Reproduced with permission from ref 103. Copyright 2015 The
American Association for the Advancement of Science. (b) Illustration of the mechanics model for the buckling-guided assembly of helical
interconnects, along with the predictions and FEA results on the distribution of dimensionless pop-up displacement and twist angle for a typical helical
mesostructure (with an arc angle of θ0 = 150° for the 2D precursor). Reproduced with permission from ref 209. Copyright 2016Wiley. (c) Assembled
3D helical coils: optical images (left), deformations and Mises-stress distributions of a 3D coil based on FEA (middle), and distribution of maximum
Mises stress for each cross section along the natural coordinate normalized by the arc length (right). Reproduced with permission from ref 280 under
CC BY. Copyright 2017 Springer Nature. (d) Optical images and FEA results of both undeformed and deformed 3D helical interconnects with Mises-
stress distributions in the conditions of one-stage (left) and two-stage encapsulating processes (right). Reproduced with permission from ref 279.
Copyright 2019 Wiley.
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number of arcs, Figure 9c), the stretchability of 3D serpentine
interconnects can be further improved.278

3.3. 3D Helical Interconnects

Interconnects with 3D helical designs, commonly generated
through the buckling-guided assembly of 2D filamentary
serpentine precursors,103,209,279,280,282 present higher elastic
stretchability, when comparing to arc-shaped 3D interconnects
and 3D serpentine interconnects. This section highlights the
design principles and encapsulation strategies of the 3D helical
interconnects.
As shown in Figure 10a, by varying the geometries of 2D

precursors and distributions of bonding sites, divergent helical
interconnects can be fabricated, including single helices, dual
helices, nested coaxial structures, among others.103 The average
curvature components and mode ratio (κtwist/κbend) can be
calculated using finite element analyses (FEA), as shown in
Figure 10a (right) for a typical 3D single helix. To understand
the influences of the prestrain and geometric designs of 2D
precursors on the resulting 3D helical configurations, an
analytical model of compressive buckling based on the energy
method was established. This model gives accurate predictions

of deformed configurations and maximum strains of a single 3D
helix (Figure 10b, left), which agreed well with FEA and
experimental results.209 In particular, when a helical inter-
connect is uniaxially stretched (εstretch ≤ εpre), the out-of-plane
displacement (U1), the curvature components (κ̂2 and κ̂3), as
well as themaximum principal strain (εM) follow a similar square
root scaling

(3)

Uniformly distributed maximum principal strains along the
whole structure, ensure the exceptionally large stretchability and
mechanical robustness of 3D helical interconnects (Figure
10c).280

In practical applications, the solid encapsulation usually
results in an obvious reduction of the interconnect stretchability
due to the mechanical constraints. Specifically, when compared
to 3D arc-shaped and serpentine designs, the helical designs
show more uniform distributions of strains at lower magnitudes,

Figure 11. Devices in 3D arc-shaped forms. (a) Schematic and exploded-view illustrations of a 3D flow sensor. Reproduced with permission from ref
286. Copyright 2023 Springer Nature. (b) Assembly of a 3D piezoresistive sensor capable of normal/shear force measurements: deformed
configurations using the compressive buckling (left) and optical images of the circuit design (right). Reproduced with permission from ref 133.
Copyright 2019 American Chemical Society. (c) Design of compliant 3D frameworks instrumented with arc-shaped strain sensors for monitoring
millimeter-scale muscle tissues. Reproduced with permission from ref 287. Copyright 2021National Academy of Sciences. (d) Fabrication process of a
3D nanotransistor for simultaneousmeasurements of electrical andmechanical cellular responses. Reproduced with permission from ref 126 under CC
BY. Copyright 2022 The American Association for the Advancement of Science. (e) Design and fabrication of a ribbon-like dipole antenna with
tunable frequency. Reproduced with permission from ref 284. Copyright 2019Wiley. (f) Fabrication of a stretchablemicrosupercapacitor composed of
wavy-structured electrode arrays. Reproduced with permission from ref 285. Copyright 2015 Wiley.
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thereby rendering higher elastic stretchability. In this case, the
mechanical constraints induced by solid encapsulation are more
significant for interconnects with helical designs. To offer a
stretchability higher than that of the conventional strategy of
direct encapsulation (or one-stage encapsulation), a two-stage
encapsulation strategy that involved prestretching the helical
interconnects and then adding in encapsulation materials under
the prestretched state was developed. Theoretical and
experimental results showed that this two-stage encapsulation
strategy can delay the occurrence of stress concentration by
preunwinding the knot structural features. As such, a
significantly enhanced elastic stretchability after encapsulation
was achieved, when comparing with conventional one-stage
encapsulation methods (Figure 10d).279

To summarize, in order to fabricate architected electronic
devices with high levels of stretchability, the development of 3D
interconnects with predesigned deployable geometries are
essential. When compared with planar interconnects, the arc-
shaped interconnects could provide moderate levels of extra
stretchability owing to their out-of-plane structural config-
urations. The helical interconnects feature a relatively uniform
curvature distribution, thereby allowing uniformly distributed
strains along the whole structure under stretching, which could
achieve higher levels of stretchability than arc-shaped inter-
connects.

4. 3D DEVICE FORMS
Flexible electronics with architected 3D configurations can
better mimic and conform to the structural forms of natural
species with complex spatial geometries, when compared to
those in planar device structures. This section reviews diverse
3D forms of flexible electronics manufactured using mechan-
ically-guided assembly methods, including 3D arc-shaped
f o r m s , 1 2 6 , 1 3 2 , 1 3 3 , 2 4 0 , 2 4 2 , 2 8 3 − 2 8 7 3 D h e l i c a l

forms,103,145,160,236,281,288,289 tubular forms,91,147,162,290−293 pol-
y h e d r a l f o r m s , 1 7 2 , 1 8 1 , 2 9 4 − 2 9 8 h em i s p h e r i c a l
forms,39,101,102,129,130,194,197,198,217,240,299−301 conformally wrap-
ping forms97,125,127,128,167,184,287,302−310 and other complex 3D
forms,17,99,122,138,191,203,240,311 through summarizing and discus-
sing the representative functional devices that benefit from their
unique structural characteristics.
4.1. 3D Arc-Shaped Forms

Flexible electronic devices in 3D arc-shaped forms are usually
fabricated through buckling-guided assembly and curving-
induced assembly approaches. Harnessing the discrete design
concept, the geometric configuration and deformation of each
consisting segment of a device in 3D arc-shaped form can be
individually engineered, exhibiting many structural character-
istics that induce various functionalities, such as decoupled
sensing of physical signals (e.g., mechanics and electromagnetic
fields).133,284

For example, a device in the form of 3D herringbone pattern
consisting of two concave arcs (Figure 11a) was fabricated for
bidirectional measurements of flow rates.286 In particular, a
strain sensor was integrated on one of the two arcs (Figure 11a,
left one in the top right panel). Upon the reception of incoming
flows in the forward direction (as shown in Figure 11a, top
right), the strain sensor underwent tensile deformations. Under
a reversed flow direction, the strain sensor experienced
compressive deformations. Thereby, harnessing such a specif-
ically designed arc-shaped form, the device was capable of
bidirectional quantitative measurements of flow velocity. As
shown in Figure 11b, an arc-shaped 3D structure, assembled
using buckling-guided approaches from a planar crossing ribbon,
was adopted as the device configuration.133 Due to the four
deformable arcs that can provide multiple channels for the
collection of mechanically driven resistance changes, decoupled
quantitative sensing of both in-plane and out-of-plane applied

Figure 12. Devices in 3D helical forms. (a) Mass production procedure of soft 3D helical microswimmers through swelling-induced rolling.
Reproduced with permission from ref 160 under CC BY. Copyright 2019 The American Association for the Advancement of Science. (b) Fabrication
of 3D thermoelectric coils through the buckling-guided assembly. Reproduced with permission from ref 289 under CC BY. Copyright 2018 The
American Association for the Advancement of Science. (c) A stretchable 3D toroidal helical inductor with tunable electrical properties. Reproduced
with permission from ref 103. Copyright 2015 The American Association for the Advancement of Science. (d) Schematic illustrations of a wireless
strain-sensing system and the fabrication process of capacitive fiber strain sensors. Reproduced with permission from ref 281 under CC BY. Copyright
2021 Spring Nature.
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forces (e.g., pressure and shear force) was achieved.
Furthermore, a flexible electronic device with complex 3D arc-
shaped form that incorporates spatially distributed strain
sensors, was fabricated to monitor the contractile forces of
engineered optogenetic muscle tissue rings in high precision
(Figure 11c).287 In this particular case, the two arc-shaped
ribbons in the center of the device (Figure 11c, top right), with
flat tops and tiny prominent cantilevers (i.e., as hooks), served as
a compressible support for the incorporated strain sensors on
the outer surfaces of the arc-shaped ribbons to accomplish the
measurements of vertically distributed contractile deformations.
Figure 11d shows a flexible device in a very simple 3D arc-shaped
configuration formed using curving-induced assembly.126

Particularly, the microbars designed to curve the nanowires
were also utilized to support the on-top arc-shaped structures
with low bending stiffness, rendering a conformally contacted
interface between nanowires and cell walls at the initial state.
Meanwhile, upon cell contractions, such arc-shaped 3D

nanowires allowed postdeformations that can be leveraged for
simultaneous measurements of both electrical and mechanical
cellular responses. In another case, mechanically triggered
switches were devised for 3D RF antennas using a complex arc-
shaped 3D configuration formed by buckling-guided assembly
(Figure 11e).284 In detail, the “on/off” states were realized by
the shape morphing controlled through loading strains. As
shown in Figure 11f, by the use of arc-shaped 3D ribbons,
flexible graphene microsupercapacitors were fabricated, featur-
ing an high stretchability of 100% (i.e., uniaxial).285

4.2. 3D Helical Forms
Flexible electronic devices in 3D helical forms can be assembled
through approaches harnessing rolling, curving, and buckling.
Similar to helical interconnects, devices in 3D helical forms
render excellent stretchability and bendability. The structural
configuration of 3D helices can be utilized to manufacture
devices with novel structure-induced functionalities such as
actuations in liquids145,160 and spiral growth.310

Figure 13. Devices in 3D tubular forms. (a) Schematic diagram and optical image of a 3D tubular quantum well infrared photodetector (QWIP).
Reproduced with permission from ref 293 under CC BY. Copyright 2016 The American Association for the Advancement of Science. (b) A self-
assembled microfluidic device for flow control and visualization. Reproduced with permission from ref 147. Copyright 2011 Springer Nature. (c)
TubularMEMS actuators and switches using VO2 nanomembranes. Reproduced with permission from ref 162 under CC BY. Copyright 2021 Springer
Nature. (d) Schematic illustrations of the ion diffusion and charge transport path of a tubular micro-lithium-ion battery manufactured by residual-
stress-induced rolling (right) and the corresponding titled cross-sectional SEM image of an as-prepared spiral electrode (left). Reproduced with
permission from ref 313. Copyright 2020 Wiley. (e) A “Swiss-roll” nano-biosupercapacitor (nBSC) used in biological electrolytes. Reproduced with
permission from ref 292 under CC BY. Copyright 2021 Springer Nature. (f) Self-assembly of a “Swiss-roll” structure assisted by external magnetic
fields. Reproduced with permission from ref 291 under CC BY. Copyright 2019 Springer Nature.
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For example, as shown in Figure 12a, bioinspired 3D helical
structures prepared through swelling-induced rolling assembly
were exploited to achieve controlled motions for swimming
robots.160 The large out-of-plane deformations (i.e., vertical
displacements) of 3D helical architectures were harnessed to
create high temperature gradients for efficient thermoelectrical
energy harvesting (Figure 12b).289 In particular, the use of 3D
helical structures significantly increased the altitude intercept
between the heat receiving surface (i.e., the device surface that
was in contact with the heat supplier) and the heat dissipation
surface (i.e., the suspended top surface of the device) of the
device (Figure 12b, top right), thereby generating an enlarged
temperature gradient within the 3D device when compared with
those in planar forms. As shown in Figure 12c,103 the spatial
characteristics of 3D helical structures were exploited to reduce
the substrate parasitic capacitance of an inductor, resulting in
improved electrical performances (e.g., the maximum Q factors
and resonant frequencies increased from 1.7 to 2.2 and from 6.8
to 9.5 GHz, respectively). Harnessing the tunable structural gaps
between two interwoven helices upon stretching (Figure 12d)
(i.e., consisting of conductive polyurethane-based stretchable
fibers embedded with Ag nanoparticles), capacitive strain
sensors were fabricated through curving-induced assembly.281

4.3. Tubular Forms

Flexible electronic devices in tubular forms are primarily
fabricated by rolling assembly approaches.91 Owing to their
structural characteristics (e.g., hollow tubular configurations,

micro- to nanoscale diameters, multilayered shells and etc.),
tubular flexible electronic devices exhibit unique physical
properties, such as controlled light interactions (e.g., scattering
and absorption293,312), fluidic controls,147 high density material
integrations,291,292,313 and so on.
For instance, tubular 3D quantum well infrared photo-

detectors (QWIPs) could render enhanced responsivity and
detectivity (Figure 13a).293 In particular, the tubular form of the
photodetector provided efficient pathways for light coupling and
enabled the elimination of the requirement for external light
coupling structures, featuring a wide detection angle (i.e.,± 70°)
for infrared lights. Additionally, by variation of the structural
configurations of such photodetectors, tunable photocurrents
and responsivities were also achieved.
The tubular form can also be utilized to facilitate microfluidic

controls.147 For example, through rolling assembly, a tubular
SU-8 structure was exploited to reshape planar microfluidic
networks into a 3D configuration with controlled curvatures
(Figure 13b). In addition, through the use of a tubular
configuration (Figure 13c),162 a bifunctional device was
manufactured and utilized for the actuation of a micro-
electromechanical system (MEMS) as well as electrically/
optically controlled switching.
The layered shell structures of tubular configurations were

also exploited to integrate more functional materials for flexible
energy devices to achieve energy densities/capacities compara-
ble to rigid ones.291,292,313−315 For example, a tubular micro-
battery fabricated by rolling assembly of Au/Ge/Si trilayer

Figure 14. Devices in 3D polyhedral forms. (a) Fabrication and operation of single-cell grippers made of the SiO/SiO2 bilayer. Reproduced with
permission from ref 295. Copyright 2014 American Chemical Society. (b) Design and fabrication of various 3D architectures by folding
preprogrammed ultrathin quantum-dot light-emitting diodes (QLEDs). Reproduced with permission from ref 297. Copyright 2021 Springer Nature.
(c) Assembly of a monolayer graphene-based cubic structure. Reproduced with permission from ref 294. Copyright 2017 American Chemical Society.
(d) Folding of hinged 3D MoS2-Au-SU-8 photodetectors with enhanced optical absorption. Reproduced with permission from ref 296. Copyright
2019 American Chemical Society.
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nanomembranes was demonstrated to obtain high capacity and
excellent cycling performance (Figure 13d).313 Using “Swiss-
roll” structures, robust nano-biosupercapacitors (nBSCs)
consisting of multilayered shells (as shown in Figure 13e)
were prepared and functioned as in vivo smart dusts as well as the
microrobotic systems for healthcare.292 Additionally, by
incorporating thin magnetic films in a similar “Swiss-roll”
configuration, the rolling assembly process could be precisely
controlled using magnetic fields, resulting in various sophisti-
cated 3D geometries (Figure 13f).291

4.4. Polyhedral Forms

Flexible electronic devices in polyhedral forms are usually
manufactured using folding assembly methods.172,181 Polyhe-
dral forms, such as pyramids and cubes, stand as a typical type of
spatial configuration that can facilitate structural functionalities
involving capturing,125,134,184,295,316−318 sensing,294,296,298,319

light emitting,297,320 and the rest.
Through the folding of patterned bilayer thin films,

microgrippers were manufactured enabling controlled captures
(e.g., folding angles) of single cells (Figure 14a).295 Foldable
polyhedral displays consisting of ultrathin quantum dot light-
emitting diodes (QLEDs) were fabricated (Figure 14b),
featuring stable operations during transformations among
various structural configurations (e.g., the airplane, butterfly,
pyramid, and cube).297 In addition, a cubic monolayer graphene
device (Figure 14c) was manufactured, achieving enhanced
volumetric light confinements on both the surfaces and the
designed hinges/edges.294 Similarly, by folding MoS2-Au-SU-8
photodetectors into cubes and dodecahedrons, an enhanced
optical absorption within visible range (400−700 nm) was also
achieved through the structure-induced light interactions (e.g.,

scattering and trapping) at the boundaries and corners (Figure
14d).296

4.5. Hemispherical Forms

Flexible electronic devices in hemispherical forms are usually
fabricated through curving-induced and buckling-guided
assembly methods. Hemispherical forms with structural
expansions in vertical directions can enhance the performances
of electromagnetic devices, such as antennas, by offering more
surfaces to integrate electronic circuits with longer paths while
maintaining a small overall projection dimension of the
device.299,301 For example, as shown in Figure 15a, through
the buckling-guided assembly, an electrically small antenna
(ESA) was manufactured in a hemispherical form with
significantly enhanced electrical paths, featuring a high Q factor
and tunable resonant frequencies.301

In addition, hemispherical forms can also serve as an isotropic
spatial integration platform, thereby enabling flexible optoelec-
tronic devices with omnidirectional sensing/imaging capabilities
and reduced geometric distortions.39,101,129,130,194,197,198,217 For
instance, as shown in Figure 15b, through the curving-induced
assembly, an arthropod-inspired digital camera was developed,
featuring a wider field of view and a more homogeneous
intensity when comparing to nonhemispherical cameras.
Notably, origami and kirigami designs were also exploited to
enhance the conformability of the planar structures to the
hemispherical surfaces.130,197 In another case, a hemispherical
photodetector was manufactured (Figure 15c),217 where the
omnidirectional 3D integration enabled by the isotropic
configuration of a hemispherical form allowed the simultaneous
measurements of both light intensities and incident angles.

Figure 15. Devices in hemispherical forms. (a) Fabrication of electrically small antennas (ESAs) by buckling-guided assembly. Reproduced with
permission from ref 301. Copyright 2018Wiley. (b) Schematic illustrations of components and integration schemes for a digital camera in the form of a
hemispherical, apposition compound eye. Reproduced with permission from ref 129. Copyright 2013 Springer Nature. (c) Design and fabrication of
hemispherical devices for photodetection and imaging. Reproduced with permission from ref 217 under CC BY. Copyright 2018 Springer Nature.
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4.6. Conformally Wrapping Forms

The formations of conformally wrapping devices usually involve
complex deformation modes (refs 97, 125, 127, 128, 167, 184,
287, 302−310). Similar to polyhedral forms, devices in
conformally wrapping forms can also facilitate capturing,
owing to their semiclosed/closed structural configurations. An
obvious difference between conformally wrapped configurations
and polyhedral forms lies in the conformability of constructed
interfaces between the captured object and a device. To be
noted, in this review, conformally wrapping forms denote the
assembled structures of architected flexible electronic devices
that feature wrapping capabilities to form conformal contacts
with their captured objects at the micro- to nanoscale (e.g., cells,
organoids, and the rests), which should be distinguished from
those macroscale 3D flexible electronic devices.
Microgrippers capable of controlled capture and release were

demonstrated in conformally wrapping forms for various in vivo
applications (e.g., surgery).97,167,303 For instance, thermally
actuated wrapping grippers with different dimensions ranging
from 300 μm to 1.5 mm (Figure 16a) were fabricated using
rolling assembly, enabling in vivo tissue extractions from living
organisms.303 Harnessing the shape memory effect of SMPs,
twining neural interfaces were generated in forms of conformally
wrapping helices, featuring body-temperature-driven postas-
sembly climbing motions (Figure 16b).310 The devices in

conformally wrapping forms can also facilitate the in situ
monitoring of living organisms. As shown in Figure 16c, through
the residual-stress-induced rolling assembly, conformally
wrapping electronic interfaces were manufactured, capable of
single-cell monitoring (i.e., cardiomyocytes).125 In particular,
taking advantage of the engineered strain mismatches between
SiO2 and SiO layers (i.e., by varying the widths and thicknesses),
the deformation angles of the structure can be tuned to achieve a
conformal contact with cellular surfaces. Devices in conformally
wrapping forms can also enable the spatial integration of
biosensors, thereby allowing 3D electrical mapping and
monitoring for neurons.127,305,309 For example, through the
buckling-guided assembly, a 3D device consisting of a high-
density electrode array that gently wrapped around the surface
of a spheroid was fabricated, capable of in situ monitoring of
cellular growth and intercellular communications (Figure
16d).127

4.7. Other Complex Forms

Apart from the above, many other 3D configurations are also
exploited for architected flexible electronics, such as compliant
configurations,191,203,240 complex origami/kirigami configura-
tions,17,120,122 and architectures with rationally designed micro-
lattices138,321 that are capable of replicating curved biological
surfaces.

Figure 16. Conformally wrapping devices. (a) Fabrication and actuation of microgrippers driven by thermally induced residual stresses. Reproduced
with permission from ref 303. Copyright 2012Wiley. (b) Fabrication of a twining electrode with optical image showing its climbing process on a glass
tube. Reproduced with permission from ref 310 under CC BY. Copyright 2019 The American Association for the Advancement of Science. (c) SEM
images of a wrapping shell with multiple electrodes and FEA results showing the dependence of folding angle on the SiO/SiO2 thicknesses.
Reproduced with permission from ref 125. Copyright 2018 Wiley. (d) Buckling-guided assembly of a 3D multifunctional neural interface wrapping a
neural spheroid. Reproduced with permission from ref 127 under CC BY. Copyright 2021 The American Association for the Advancement of Science.
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Figure 17a shows an electronic interface in a curvilinear form,
manufactured by the use of curving-induced assembly
(associated with local buckling), which was able to conform to
many curved surfaces, such as a golf ball.99 An ordered two-stage
buckling-guided assembly strategy was developed to transform
planar electronic devices into sophisticated 3D forms that can
conform to a variety of curved surfaces, such as the apex of a
heart model (Figure 17b).240 Figure 17c demonstrates a flexible
electronic device in the form of a 3D integumentary thin
membrane manufactured by the curving-induced assembly.191

In particular, the heart-shaped 3D thin-film configuration
allowed the device to form conformal contact with the beating
heart and function as an artificial pericardium. Furthermore,
using the curving-induced assembly based on the thermoform-
ing,203 mountain-shaped and ear-shaped 3D electronics were
also fabricated (Figure 17d).
Origami designs were also utilized to further enhance the

shape-morphing capabilities of devices in forms of complex 3D
geometries. As shown in Figure 17e, a series of origami-inspired
3D structures were fabricated using the folding assembly (i.e.,
induced by electrochemically driven redox reactions), enabling
the development of microscale 3D shape-memory actuators.122

Recently, a microlattice design strategy that featured
programmable control of structural stiffnesses (i.e., by tuning
the porosity distribution of microlattices) was developed,
enabling the fabrication of devices in almost arbitrarily curved
3D architectures that can replicate complex biological surfaces
(Figure 17f), such as the blueberry flower and Philadelphica
berry (Figure 17f, right panel).138

In summary, there are numerous 3D forms in which each
demonstrates unique structural functionalities throughout the
broad family of architected flexible electronics. The core
functionalities of a conventional rigid device are mainly achieved
by circuit designs, while for architected flexible electronics, their
functionalities are achieved by designs of both electrical circuits
and structural configurations. Among different 3D device forms,
due to their elementary structural configurations, the overall 3D
geometries of arc-shaped devices could be easily shaped to fit the
requirements of mechanical sensing, which have found essential
applications in strain sensors. Owing to their unique biomimetic
hydrodynamic characteristics, the helical forms are ideal for
swimming microrobots, which can be applied for drug delivery.
Thanks to their unique micro- to nanoscale hollow config-
urations, the tubular forms hold great potential in photo-
detectors and microfluidic devices. Notably, through the use of

Figure 17.Devices in other complex 3D forms. (a) Schematic illustration of curvilinear silicon mesh circuits that wrap around a golf ball. Reproduced
with permission from ref 99. Copyright 2009 Wiley. (b) A 3D electronic device capable of conformal attachment on a heart model. Reproduced with
permission from ref 240 under CC BY. Copyright 2022 The American Association for the Advancement of Science. (c) Design and fabrication of 3D
multifunctional integumentary membranes (MIMs) for spatiotemporal cardiac measurements. Reproduced with permission from ref 191 under CC
BY. Copyright 2014 Springer Nature. (d) 3D electronics capable of conformal contact with complexly curved surfaces. Reproduced with permission
from ref 203 under CC BY. Copyright 2021 The American Association for the Advancement of Science. (e) Origami microactuators with various
folding configurations. Reproduced with permission from ref 122. Copyright 2021 The American Association for the Advancement of Science. (f) 3D
mesotructures with complexly curved surfaces using microlattice designs: schematic illustrations (left) and inverse designs of blueberry flower and P.
philadelphica berry (right). Reproduced with permission from ref 138. Copyright 2023 The American Association for the Advancement of Science.
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multilayered shells, tubular structures were also exploited to
fabricate devices (e.g., microbatteries) with high energy
densities. The polyhedral forms are suitable for object capturing
at the micro- to nanoscale (e.g., microgrippers) and light
interaction (e.g., photodetectors and solar cells), owing to their
open 3D cavities and nanoscale structural features at hinges. The
hemispherical forms, featuring omnidirectional structural
expansions in vertical directions, represent an ideal class of 3D
configurations for electromagnetic devices (e.g., antennas) and
optoelectronic devices (e.g., photodetectors). The conformally
wrapping devices with semiclosed/closed structural configu-
rations are suitable for applications in biological/biomedical
devices for cell/tissue/organ monitoring.

5. STRUCTURE-INDUCED FUNCTIONALITIES
Conventionally, the functionalities of electronic devices usually
indicate the electrical roles that integrated circuits play. Since the
20th century, rapid developments of human society have
emerged technological revolutions in many aspects, such as
Internet of Things (IoT), personalized medicine, human-
machine interactions and others. As a consequence, the
accessible functionalities of electronic devices have been
drastically expanded. Different 3D configurations have been
developed to induce unique structural functionalities, thereby
adding more dimensions to the design of flexible electronics.
Such structural revolutions have transformed the roles of
electronic devices from solely electrical to mechanoelectri-
cal,22,132,280 optoelectrical,130,217 magnetoelectrical,322 thermo-
electrical,61,289 chemoelectrical,236,242,323,324 bioelectri-
cal,127,138,325−327 and physically intelligent.18,22,328,329

In many of the reviewed cases in previous sections, structures
do play vital roles in the achievement of their functionalities.
However, when it comes to function-driven structural designs of

devices, the routes become blurry. Therefore, it is essential to
draw clear guidelines to navigate the function-driven structural
designs of architected flexible electronic devices. In this section,
various structure-induced functionalities, including high areal
density 3D integration with spatial resolution, high-efficiency
energy harvesting, 3D compliant electronic interfaces, reconfi-
guration, growth, and structural evolution, are reviewed and
discussed, each with exemplary sketches illustrating their
structural configurations and functionalities.
5.1. High Areal Density 3D Integration with Programmable
Spatial Resolution

Electronic devices in planar forms utilize only in-plane spaces to
integrate functional circuits, usually with a limited areal density
in the cases of stretchable designs.68,330−335 Various 3D
configurations enabled by mechanically-guided assembly
methods stand as promising platforms to achieve higher areal
densities in flexible electronics, owing to their capabilities of
expanding the distributions of functional circuits/elements into
out-of-plane spaces with programmable spatial resolutions. In
terms of achieving higher areal densities, both the multilayer
flexible PCB (FPCB) and mechanically-guided assembly
methods can be exploited.121,333,336 In comparison to
mechanically-guided assembly methods, the fabrication of
multilayer FPCB is more simple and low cost. However, in
order to fabricate architected 3D flexible electronics with
specific structure-induced functionalities, mechanically-guided
assembly methods are more suitable. Notably, the construction
of 3D architectures would result in unavoidable spatial density
loss of the device due to the spatial voids generated by the
mechanically-guided assembly.
As illustrated in Figure 18, the idea can be simply analogized

as building flexible/stretchable “flyovers” consisting of high-

Figure 18. Schematic illustrations of typical cases for 3D integrations. By the use of a complex arc-shaped design (as a representative form), functional
electronic components are spatially integrated, while providing significantly enhanced biaxial stretchability and flexibility.

Figure 19. Schematic illustrations of a typical case of spatial resolution. Harnessing the hemispherical configuration integrated with arrays of
photodetectors, both the intensities and incident angles can be simultaneously measured. Notably, photodetection is only shown as a representative
case. Sensing of other directional dependent signals with spatial resolution, such as sound, thermal radiations, vibration, and the rest, can also be
achieved through specific 3D structural designs in other forms.
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density electrical circuits. Harnessing 3D structural character-
istics, more surface area could be utilized for device integration
when compared with planar configurations of the same
projection area. In particular, the original in-plane surfaces for
integrations (i.e., the projection area) are retained, while extra
surfaces are created through the structural pop-
up.127,181,217,249,337 Furthermore, the use of multilayer designs
could also increase the areal density of the resulting flexible
electronic devices, by simply adding more layers for integration
while keeping the in-plane projection area unchanged.121

Apart from high areal densities, the 3D integration also
enabled a variety of architected flexible electronic devices with
programmable spatial resolutions for sensing of various
physical/chemical signals. For instance, a comprehensive
photodetection should involve not only the intrinsic physics of
incident light, such as wavelength, light intensity, and polar-
ization, but also the external information on light sources, for
instance, the incident angles and source locations. As shown in
Figure 19, the sensing with desired spatial resolutions can be
realized by creating a 3D dome structure (or other 3D structures
that can provide spatial distributions of functional materials/
electronic elements) through the use of the buckling-guided
assembly. Furthermore, through the integrations of various
functional semiconductors (e.g., MoS2,

194,217,296,338 MoO2,
339

ZnO,340−344 TiO2,
345,346 perovskites,347,348 etc.) at the preset

spatial locations, mechanically-guided methods can also
facilitate the manufacturing of diverse sensors with spatial
resolutions, enabling detections of different physical/chemical
signals in 3D spaces, such as sound fields, thermal fields,
magnetic fields, volumetric distributions of volatile organic
compounds (VOCs), dispersions of toxic nanoparticles, among
others.
5.2. High-Efficiency Energy Harvesting

Vibrational energies are abundant in nature. To harvest such
form of energies, well-defined 3D architectures with engineered
low stiffness regions that can vibrate without mechanical
constraints are often required.349 In planar devices, to achieve
such functionality, cantilevers made of advanced electronic
materials (e.g., graphene, PZT or III-V semiconductors) are
usually manufactured with delicate multistep processing
procedures. Such complicated manufacturing routes have set a
series of grand challenges for their mass productions. In stark
contrast, harnessing mechanically-guided structural design and
3D assembly methods (e.g., buckling-guided assembly), devices
that sense and harvest vibrational energies can be facilely
fabricated.132,219 For instance, 3D architected flexible electronic
devices with specifically designed local stiffness (i.e., the use of
suspended serpentines with ultralow stiffness at the vibrational

regions of the device) can vibrate and resonate upon receiving
external stimuli so as to convert and generate energies in forms
of electrical currents or voltages (Figure 20). Additionally, the
use of mesostructures with ultralow stiffnesses would signifi-
cantly reduce the resonant frequencies at small scales, thereby
enabling efficient energy harvesting of low-frequency vibrations
using miniaturized devices. Since the motions of human body
and organs are usually in the range of several to tens of Hz, these
3D architected energy harvesters can be used to power
biointegrated electronics. Furthermore, by incorporating multi-
stable components in the 3D architecture, the bandwidth can be
widened to improve the efficiency of vibration energy harvest-
ing.
Aside from the vibrational energies, photogenerated energies

(often in form of solar energies) are also ubiquitous in nature.
The existing devices for photoenergy harvesting or conversion
are mostly in planar configurations, such as solar cells,76,350,351

photoelectrochemical water splitting (PEC) cells,352−354

devices for artificial photosynthesis,355 photocatalytic CO2
reductions cells,348,356 and so on. Due to the angle-dependent
optical properties of 2D structures (e.g., absorption, reflection,
transmittance, scattering, and other forms of optical inter-
actions), planar devices are not able to take full use of solar
energies (e.g., shadowing caused by low incident angles of
lights). The existing forms of domes or hemispherical
configurations in architected flexible electronics manufactured
through mechanically-guided assembly methods can be
leveraged to resolve the above issue. For example, a 3D
electronic device capable of 360° light harvesting and light
tracking can be fabricated, representing a promising form of
photoenergy-conversion devices.357

5.3. 3D Compliant Electronic Interfaces

Complex 3D surfaces with sophisticated curvature distributions
are found in both natural creatures and artificial objects,
spanning cells, organoids, human bodies, machines, vehicles,
and robots. Flexible electronic devices that can conform to such
curved surfaces can serve as compliant electronic interfaces that
induce minimal mismatch stresses, thereby allowing long-term
monitoring of either biological or artificial objects (e.g., a single
cell, organoids, tissues, organs, auto instruments, and so on). By
the use of mechanically-guided assembly methods, many 3D
compliant electronic interfaces are enabled for such purposes
(e.g., twining neural electrode,310 multifunctional electronic
interface wrapping a spheroid,127 complex interfaces between
heart and thin electronicmembrane,191 and so on128,302,309). For
instance, through the buckling-guided assembly, flexible
electronic devices with 3D concave structures can be
manufactured, holding promising potential to achieve controlled

Figure 20. Schematic illustrations of a typical case of energy harvesting. The ultralow stiffness of a serpentine design can be utilized to fabricate an
energy harvesting device (through vibrations) only by the formation of 3D architectures that allow fully suspended serpentines under operationmodes.
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capture of a single cell or organoid and conformal interfaces
between the electronic surface and cellular membrane surface
(Figure 21).
5.4. Growth, Reconfiguration, and Structural Evolution

Structural evolutions (not limited by the concepts of morpho-
genesis, organogenesis, or others), such as growth, shape
changing, and complex structural transformations, are of pivotal
importance for biology. By an artless biomimetic thinking,
morphable devices that can reconfigure, grow, reshape, or even
structurally evolve represent a more advanced form than those
with fixed 3D geometries.

For instance, 3D architectures with multistable steady states
can be reshaped by adopting different strategic loading paths
(Figure 22, first row) during the buckling-guided assembly. Such
reconfigurable flexible electronics have emerged with various
new applications in the fields of electromagnetic devices and soft
robotics.16,139,358

As illustrated in Figure 22 (second row), electronic devices
with highly flexible designs, such as helical structures310,359 are
able to (i) spontaneously conform to the curved surface of a
certain biological tissue (e.g., muscle tendon); (ii) climb along
the 3D geometries of their attached tissue; and (iii) grow
together with the tissue. Such growable designs could facilitate
fundamental biological studies of living organisms (e.g., organs,

Figure 21. Schematic illustrations of a typical case for 3D compliant electronic interfaces. A flexible cell device showcases the formation of a compliant
conformal interface between the surfaces of an electronic device and a cellular membrane assisted by mechanically-guided assembly.

Figure 22. Schematic illustrations of a typical case for reconfiguration, growth, and morphological evolution. A representative reconfigurable device is
shown in the top row, enabling reversible shape transformation between two stable shapes (shape I and shape II, respectively). The second row shows a
flexible device that can first form conformal contact with amuscle tendon by body temperature actuated shapemorphing. Then, taking advantage of the
3D helical structure, such device can climb along the tendon. Last but not least, harnessing the flexibility and stretchability, such device can grow with
the tendon, showing no oblivious mechanical constrains to the tendon during growth. The third row shows a morphable electronic device (assisted by
machine leaning) that can sense the structure and self-evolve to the target 3D configurations by electromagnetically controlled actuation.
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muscles, tendons, neurons, among others) by providing
morphable electronic platforms for long-term in situmonitoring
of their biological behaviors during growths.
Very recently, a new type of electromagnetically controlled

metasurfaces capable of dynamic morphological evolutions has
been demonstrated.360 Using discrete morphable serpentine
units consisting of polymeric materials and patterned electronic
circuits, centimeter-scale morphable surfaces (Figure 22, third
row) that can rapidly self-evolve to the target 3D configuration
are developed through mechanically-guided methods. Partic-
ularly, their structural evolutions are achieved by programming
the spatially distributed Lorenz forces applied to the various
units. Such self-evolving electronics have already fuzzed up the
boundaries of 2D and 3D devices.
In conclusion, structure-induced functionalities (i.e., enabled

by mechanically-guided assembly) are diverse and sometimes
case-by-case, which opens up a new perspective for the design of
architected flexible electronics. Devices that can vibrate and
harvest mechanical energies, omnidirectionally absorb and

convert incident photoenergies, spatially receive and sense
physical/chemical signals, deform and conform to curved
natural/artificial surfaces, and grow and evolve spontaneously
were just scientific fictions decades ago. Despite this exciting
progress, enriched device functionalities induced by structural
designs that mostly originated from intuitive inspirations, due to
the lack of rational function-driven structural designs. Open
opportunities lie in the developments of interdisciplinary
function-driven design paradigms that could rationally link
diverse functionalities to the corresponding class of 3D
architectures.

6. APPLICATIONS
The intriguing structure-induced functionalities enabled by the
mechanically-guided 3D assembly have significantly pushed the
research frontiers of flexible electronics, and led to the
developments of many new devices,5,361−363 enabling a broad
spectrum of applications.104,105,364−366 This section reviews
applications of architected flexible electronics spanning various

Figure 23. 3D biological electronics for fundamental studies of cells and organoids. (a) Design and construction of 3D FET arrays using compressive
buckling and the intracellular recording of electrophysiological signals from neonatal rat cardiomyocytes. Reproduced with permission from ref 325.
Copyright 2022 Springer Nature. (b) An ultrathin and flexible biosensing platform that wraps around a micro-object, allowing for 3D molecular
spectroscopy via SERS. Reproduced with permission from ref 316. Copyright 2019 American Chemical Society. (c) Curved shell with spatially
distributed electrodes, which wrap around the cardiomyocyte cell for electrophysiological monitoring. Reproduced with permission from ref 125 under
CC BY. Copyright 2018 Wiley. (d) 3D neural interface with a microelectrode array, which can wrap a neural spheroid for spatiotemporal mapping.
Reproduced with permission from ref 127 under CC BY. Copyright 2021 The American Association for the Advancement of Science.
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emerging fields including biology, biomedicine, electromag-
netics, optoelectronics, energy, and robotics.
6.1. Biological Devices

6.1.1. Cell Devices. Architected flexible electronic devices
stand as powerful tools to capture and read dynamic
electrophysiological signals of cellular processing (e.g., growth,
differentiation, replication, and apoptosis) and intercellular
communications from the perspective of a single
cell.125,182,295,367−371 As shown in Figure 23a, a flexible
electronic platform consisting of a 3D field-effect transistor
(FET) array (i.e., with up to 128 FETs as demonstrated) was

developed by the use of buckling-guided approaches, with
capabilities of recording transmembrane potentials in cardio-
myocytes. In particular, the measurements based on this
platform indicated an intracellular signal conduction velocity
of 0.182 m s−1, which was around five times higher than that of
intercellular signal conduction.325

Using the mechanically-guided assembly, various micro-
grippers were also fabricated for single-cell capturing and
manipulations (such as extraction, delivery, and controlled
release). For instance, arrayed biocompatible grippers, harness-
ing engineered actuation through SiO/SiO2 bilayers, were
fabricated for precise extraction and delivery of single

Figure 24. 3D biological electronics for tissue engineering. (a) 3D electronic scaffolds for DRG neural networks with uniform dispersions of cells
allowing study of the electrophysiological behaviors of the growing. Reproduced with permission from ref 214 under CC BY. Copyright 2017 National
Academy of Sciences. (b) Biomimetic tubular architectures that are similar to human small muscular distal acinar pulmonary arteries enables higher
activation of cells. Reproduced with permission from ref 374 under CC BY. Copyright 2020 The American Association for the Advancement of
Science. (c) In vitro 3D electronic platforms for studying bone cell−material interactions during osteogenic cell differentiation. Reproduced with
permission from ref 375 under CC BY. Copyright 2021 Wiley. (d) Spherical cap-shaped electronic cell scaffold with integrated sensing capabilities.
Reproduced with permission from ref 138. Copyright 2023 The American Association for the Advancement of Science.
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cells.184,295 Later, by further introduction of responsive
materials, such as magnetic materials or thermally responsive
materials,184 remote controls of such grippers were enabled.
Such microgrippers show great promise for high-throughput
biopsies. For example, a flexible electronic device, capable of
mechanical trapping and surface-enhanced Raman spectroscopy
(MT-SERS),372 was developed as a new tool for simultaneous
capturing, profiling, and 3D microscopic mapping of intrinsic
molecular signatures of a single living cell (Figure 23b).316 By
further integration of microelectrodes on top of the micro-
grippers, electronic platforms that allowed spatiotemporally
recordings of living cells were also developed.125 In particular,
utilizing residual-stress-induced rolling, such grippers were able
to conformally wrap around a single cell to record the
propagation of action potentials (Figure 23c). Flexible arrays
of tubular electronics consisting of rolled-up transparent oxides
(i.e., SiO/SiO2) were also exploited as platforms for cultures369

and encapsulations of living mammalian cells (i.e., HeLa

cells),370 resulting in different cellular assemblies and
chromosomal instability during cell divisions. Later on, by
further incorporating impedimetric microfluidic sensors into the
above platform, simultaneous analyses of single human
monocytes and their mediated activations were achieved.373

6.1.2. Organoid Devices. Zooming out from the single-cell
perspective, architected flexible electronics have also signifi-
cantly enriched the methodologies for organoid stud-
ies.127,128,147,184,236,305 The development of multifunctional
compliant 3D electronic frameworks stood as a representative
achievement in this field.236 Equipped with sensors that respond
to various physical/chemical signals (Figure 23d),127 such
frameworks enabled both in vitro and in vivo biological
investigations, such as the recording of coordinated bursting
events, regrowth of bridging tissues in cortical spheroids and
mechanical characteristics of organoids.305 In addition, shell
microelectrode arrays (MEAs) were developed to study brain
organoids,128 featuring high signal-to-noise ratio sensing and 3D

Figure 25. 3D biomedical electronics for in vivo monitoring of physiological signals. (a) 3D piezoelectric implants capable of voltage measurements
during different actions. Reproduced with permission from ref 132. Copyright 2019 Springer Nature. (b) 3D deformable twining electrode for in vivo
vagus nerve stimulation (VNS). Reproduced with permission from ref 310 under CC BY. Copyright 2019 The American Association for the
Advancement of Science. (c) 3D multifunctional integumentary membranes (3D-MIMs) integrated with a rabbit heart for spatiotemporal
measurements of electrical signaling of both pH and temperature. Reproduced with permission from ref 191 under CC BY. Copyright 2014 Springer
Nature.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00335
Chem. Rev. 2023, 123, 11137−11189

11164

https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00335?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00335?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00335?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00335?fig=fig25&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 26. 3D biomedical electronics for therapeutics and surgeries. (a) Submillimeter-scale bioinspired latching tools for enhanced drug release and
retention. The right two panels show extended and higher exposures of ketorolac compared to pristine drug. Reproduced with permission from ref 134
under CC BY. Copyright 2020 The American Association for the Advancement of Science. (b) 3D bioresorbable peripheral nerve-cooling and
temperature-sensing device for pain blocking. Reproduced with permission from ref 388. Copyright 2022 The American Association for the
Advancement of Science. (c) Multifunctional 3D electronic balloon catheter for in vivo electrophysiological/temperature mapping and RF ablation.
Reproduced with permission from ref 188. Copyright 2011 Springer Nature. (d) 3D electronic catheters for diagnosis and treatments, including
endocardial electrophysiological studies, electrogram measurements, and RF ablation. Reproduced with permission from ref 135. Copyright 2020
Springer Nature.
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spatiotemporal recording. Furthermore, compliant 3D arc-
shaped structures integrated with strain sensors were exploited
to characterize engineered muscle tissues at the millimeter-
scale,287 offering high-sensitivity measurements of contractile
forces and motions with temporal resolutions. Complex 3D
microfluidic architectures were also manufactured for artificial
vascular networks, indicating potential applications in 3D cell
cultures, engineered tissues, and artificial organs.147,236 Self-
powered micro-oscillating systems with low power consump-

tions were also developed to mimic and replace nature’s
propulsion and pumping units at low Reynolds numbers,328

offering open opportunities for the constructions of artificial
lives.
6.1.3. Electronic Tissue Scaffolds. Mechanically-guided

assembly methods have also driven the development of tissue
engineering,214,287,374,375 by creating electronic tissue scaffolds
that are capable of in situ monitoring and stimulations. For
example, through the buckling-guided assembly, a 3D flexible

Figure 27. 3D electromagnetic devices. (a) 3D near-field communication (NFC) device. Reproduced with permission from ref 121 under CC BY.
Copyright 2016 National Academy of Sciences. (b) Hemispherical electrically small antenna (ESA) with an outstanding quality factor. Reproduced
with permission from ref 301. Copyright 2018Wiley. (c) Rolling assembly of tunable 3D magnetic micro-optics for the manipulation of high-energy
electron beam. Reproduced with permission from ref 405 under CC BY. Copyright 2022 Springer Nature. (d) 3D micro-origami sensors capable of
static mapping of the magnetic flux and dynamic tracking of magnetic objects in 3D space. Reproduced with permission from ref 98 under CC BY.
Copyright 2022 Springer Nature. (e) Fully integrated tubular giant magnetoresistance (GMR) sensor that acts as a fluidic channel for in-flow detection
of magnetic particles with high signal-to-noise ratio and sensitivity. Reproduced with permission from ref 148. Copyright 2011 American Chemical
Society.
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electronic device with a double-layer-cage configuration was
fabricated and utilized as electronic cellular scaffolds for the
engineering of dorsal root ganglion (DRG) neural networks
(Figure 24a).214 Particularly, such electronic scaffolds facilitated
the growth of organized lamellae by providing electrical
simulations in terms of capacitive charge injections. Photo-
patterned tubular biomimetic microvessels were prepared,374

featuring enhanced endothelial longevity and nitric oxide
production, making them promising platforms for investigations
ofmicrovascular pathobiology in human diseases like pulmonary
hypertension (Figure 24b). Transparent tubular scaffolds,
namely bioartificial endocrine pancreas (BAEP), were also
developed to enable an efficient mass transport.376 In addition,
examinations of human mesenchymal stem cell migration,
adhesion, and osteogenic differentiation were achieved through
the use of flexible electronic tissue scaffolds (Figure 24c).375

Furthermore, in situ studies of retinal pigment epithelium (RPE)
cells were enabled by the development of spherical cap-shaped
electronic cell scaffolds, featuring noninvasive monitoring of
spatially distributed physiological activities, such as growth and
apoptosis (Figure 24d).138

6.2. Biomedical Devices

6.2.1. In Situ Monitoring Devices. 3D flexible electronics
manufactured through mechanically-guided methods have
emerged as promising tools for in vivo monitoring of
physiological signals for living organisms, such as tissues and
organs.132,191,280,286,302,310,377−384 For example, 3D piezoelectric
microsystems (Figure 25a) were fabricated for implantable
monitoring of muscle activities (e.g., trotting and climbing),
providing platforms for in vivo biological interactions without
obvious irritations or mechanical constraints.132 Other 3D forms
with high stretchabilities were exploited in wireless skin-
compatible electronic sensors, enabling the tracking of spatial
motions and the monitoring of electrophysiological signals.280

Climbing-inspired twining electrodes based on shape memory
effect of helical SMP structures,310 were fabricated for peripheral
neuromodulation (Figure 25b), which can reduce substantially
mechanical and geometrical mismatches at the electrode-nerve
interfaces. 3D multifunctional membranes191 were designed for
spatiotemporal cardiac measurements and stimulations across
the entire epicardium. Such membranes could maintain a stable
biotic/abiotic interface during cardiac cycles, standing as
promising platforms for cardiac studies (Figure 25c). Addition-
ally, other flexible electronics assembled through the use of
mechanically-guided methods, such as biosupercapacitors292

and physical sensors,135,378 were also exploited for in situ
monitoring.
6.2.2. In Situ Therapeutic Devices. Architected flexible

electronic devices have also found immense potential in
therapeutic applications, such as drug delivery134,317,385−387

and pain management.304,388−392 Many morphable micro-
devices with specific structural designs were utilized to fabricate
microgrippers for in situ therapeutics, which can efficiently
deliver drugs within biological lumens (e.g., the gastrointestinal
(GI) tract).134 For example, inspired by hookworms, micro-
grippers that can autonomously latch onto the mucosal tissue
were manufactured (Figure 26a, left panel), rendering in vivo
drug delivery performances of an almost 2-fold exposure (i.e.,
oral ketorolac tromethamine without the use of microgrippers,
Figure 26a, middle panel) as well as a significantly enhanced
retention (i.e., a 6-fold increase in the elimination half-life of a
model analgesic, ketorolac tromethamine) (Figure 26a, right

panel). Flexible electronic devices with rationally designed 3D
shapes were also developed for pain management by blocking
peripheral nerve activities.304,388,393 For instance, bioresorbable
curling flexible microfluidic devices, featuring precisely con-
trolled delivery of cooling power at arbitrary depths in living
tissues, stood as promising tools for pain blocking (Figure
26b).388 Architected flexible electronic devices in 3D helical
forms were also manufactured, featuring spontaneous con-
structions of conformal neural interfaces around small living
nerves during the insertion.304

6.2.3. Surgical Instruments. Owing to the excellent
conformability with the biological surfaces of organs,
instrumented flexible devices for surgery were devel-
oped.135,188,219,394−397 For instance, the pressing demand of
functional integration for catheters in clinics pushed the
development of miniaturized flexible electronic devices with
various 3D architectures.398−402 A multifunctional flexible
surgical instrument in the form of a balloon catheter was
developed,188 capable of temperature sensing, mapping of
cardiac electrophysiological signals with a high signal-to-noise
(SNR) ratio of 60 dB, as well as in situ treatments using RF
electrodes (maximum power 600 mW) for controlled, localized
tissue ablations (temperature rise ∼10 °C) (Figure 26c). In
particular, the use of such instruments in live animal models of
rabbits was demonstrated. Harnessing a similar device
configuration, integrated catheters for cardiac surgeries were
further developed by researchers,135 enabling high-density
spatiotemporal mappings of temperature, pressure, and electro-
physiological signals by three layers of 8 × 8 electrodes. Such an
instrumented catheter is capable of performing programmable
electrical stimulation, RF ablation, as well as electroporation
(Figure 26d).
6.3. Electromagnetic Devices

6.3.1. 3D Antennas. Flexible 3D antennas with various
structural configurations were developed through mechanically-
guided methods.121,139,301,322,403,404 For example, a 3D spiral
inductor for near-field communication (NFC) was fabricated,
exhibiting significantly enhanced Q factors and almost doubled
voltages over a wide range of working angles (i.e., from 0° to
50°) when compared to devices in planar forms (Figure 27a).121

Flexible hemispherical ESAs were also manufactured to offer
ideal communication performances (Figure 27b).301 In
particular, the assembled ESA offered a high radiation efficiency
of 83% and a tunable center frequencies upon stretching (i.e.,
1.08−0.935 GHz). A morphable device in the form of folded 3D
serpentines was also manufactured by the buckling-guided
assembly, which can serve as robust antennas for tele-
communications (i.e., very slight frequency change from 5.2 to
5.32 GHz during the 2D-to-3D transformation).403 In addition,
a bottom-up design strategy based on elementary reconfigurable
structures of simple ribbon geometries was also developed,
enabling demonstration of multimodal antennas with reconfig-
urable radiation patterns.139 Furthermore, 3D RF/microwave
transformers, consisting of tubular membrane arrays, were
fabricated by rolling assembly, featuring an ultracompact device
footprint and a performance-scalability that is in stark contrast
with conventional 2D devices (i.e., the performance of 3D
transformer increases with scaling, while 2D devices do not).322

6.3.2. Other Electromagnetic Devices. Other applica-
tions of mechanically assembled electromagnetic devices
include micro/nano-magnets,405−407 spectroscopies,408 and
electromagnetic sensors.98,148,319,409 For instance, 3D magneti-
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cally charged particle optics in tubular forms were developed.
Particularly, such particle optics can generate alternating
magnetic fields of about ±100 mT with frequencies up to a
hundred MHz, thereby providing adequate optical powers
required for applications like electron beam deflection, focusing,
and wavefront shaping (Figure 27c).405 Furthermore, microcoils
formed by rolling assembly were also integrated into micro-
fluidic circuits for miniaturized nuclear magnetic resonance
(NMR). Specifically, such tubular devices resulted in a reduction
of background noise (by effective encapsulation) and a high
filling factor of samples in the measurement domain, thereby
rendering high-resolution chemical analysis of samples with tiny
quantities.408 In another case, folding assembly was utilized to
fabricate high-density arrays of cubic magnetic sensors for the
measurements of 3D magnetic vector fields.98 Such arrays were
also integrated into e-skins with embedded magnetic “hairs”,
enabling real-time multidirectional tactile perceptions (Figure
27d). Tubular giant magnetoresistance (GMR) devices were
integrated with electronic fluidic systems,319 enabling counting
of magnetic objects by sensing their weak magnetic fields
(Figure 27e)148 and measurements of viscosity/velocity of
fluids.409

6.4. Optoelectronic Devices

6.4.1. 3D Displays. Various flexible 3D displays were
manufactured through mechanically-guided assem-
bly.45,297,410−416 Figure 28a presents a 3D foldable quantum
dot light-emitting diodes (QLEDs) display that showed
negligible illumination degradation under cycled folding
deformations with extreme small bending radii.297 Ultrathin
displays of inorganic light-emitting diodes (LEDs) (i.e.,
AlInGaP) were manufactured, capable of integration with
various unusual substrates, such as papers, Al foils, catheter

balloons, and glass/plastic tubes and fibers (Figure 28b).45

Furthermore, a 3D display consisting of a 7 × 7 micro-LED pixel
array was manufactured, showing unaffected performance upon
biaxial stretching up to 100%.412

Origami and kirigami designs were also exploited to enhance
the conformability of 3D flexible displays.410 For example, a
kirigami-based wrapping method was developed for the
fabrication of conformal electroluminescent (EL) devices on
various curved surfaces.320

Morphable 3D displays were also achieved by the use of
responsive substrates.411,413 For example, a morphable display
was manufactured by integrating electrically actuated substrates
with LED arrays/ELmaterials, exhibiting unvaried illuminations
during complex deformations.411 Additionally, by the use of low
melting point alloy (LMPA)-graphene nanoplatelets (GNPs)-
elastomer composites, 3D morphable displays were also
fabricated, featuring rapid electrothermal actuation capabilities
and stable illuminations under various 3D configurations.413

6.4.2. 3D Devices for Photodetection and Light
Manipulation. Various 3D flexible photodetectors were
fabricated by the use of mechanically-guided assembly
methods.331,417,418 For example, as shown in Figure 28c,
photodetectors in the forms of 3D domes exhibited unique
structural superiorities, featuring the simultaneousmeasurement
of both light intensity and incident angles.217 Specifically, given
the spatially distributed photoresponsiveMoS2 films, an incident
light could illuminate different MoS2 films from both the entry
and exit sites, thereby resulting in increased photocurrents in the
corresponding regions. Through imaging of these photo-
responsive regions, the directions of incoming lights can be
determined. Additionally, the spatial integration of various
optoelectronic elements (e.g., n-channel Si NM MOSFETs, Si
NM diodes, and p-channel silicon MOSFETs) with a variety of

Figure 28. 3D optoelectronic devices. (a) Schematic illustration of the 3D foldable QLED display and experimental demonstrations. Reproduced with
permission from ref 297. Copyright 2021 Springer Nature. (b) 3D flexible waterproof display composed of a stacked array of inorganic LEDs.
Reproduced with permission from ref 45. Copyright 2010 Springer Nature. (c) 3D photodetection and imaging system that can simultaneously
measure the light direction, intensity, and the incident angle. Reproduced with permission from ref 217 under CC BY. Copyright 2018 Springer
Nature. (d) Residual-stress-induced assembly of 3D pinwheel-like nanostructures for the manipulation of the optical chirality. Reproduced with
permission from ref 246 under CC BY. Copyright 2018 The American Association for the Advancement of Science.
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3D architectures (e.g., interconnected bridges, coils, and chiral
structures) was also demonstrated, showing great potential for
multimodal photodetection.249 Furthermore, using folded cubic
structures consisting of monolayer MoS2, Au electrodes, and
SU-8 supports, photodetectors capable of 3D angle-resolved
photodetections were reported.296 Tubular QWIPs were also
developed, featuring omnidirectional detections of infrared
radiations (e.g., with absorption wavelengths peaking at 3.6 and
6.5 μm) and imaging capabilities through photocurrent
mappings.293

Additionally, architected flexible devices were also adopted to
manipulate light interactions.312,419,420 For example, a collective
coupling of 3D confined optical modes for photodetections was

enabled by monolithic twin microtube cavities formed through
the rolling assembly of nanomembranes.312 Nanoscale light
confinements were also achieved at the hinges within folded
cubic or polyhedral structures consisting of poly(methyl
methacrylate) (PMMA) supported monolayer graphene.294,421

By the use of residual-stress-induced folding assembly, flexible
and morphable nano-kirigami devices were developed for light
manipulation (Figure 28d).246

Mechanotunable 3D photonic structures, such as tunable
optical filters422 and metasurfaces,419,423 were also enabled by
mechanically-guided assembly methods, offering dynamic
platforms for light manipulations. For example, through
nonlinear buckling mechanics, a large-scale 3D array of

Figure 29. 3D electronic eye cameras. (a) Bioinspired designs of a hemispherical, apposition compound eye camera with wide field of view similar to
typical insect. Reproduced with permission from ref 129. Copyright 2013 Springer Nature. (b) A bioinspired camera mimicking aquatic vision with
improved sensitivity to incident light. Reproduced with permission from ref 426. Copyright 2020 Springer Nature. (c) Curvy shape-adaptive imagers
based on ultrathin Si optoelectronic pixel arrays with a stretchable kirigami design. Reproduced with permission from ref 130. Copyright 2020 Springer
Nature.
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plasmonic nanodisks (several square centimeters) on elasto-
meric substrates was shown to be capable of reversibly shifting
optical resonances over 600 nm within near-infrared range.419

Nanophotonic electro-mechanical metasurfaces driven by
electrostatic forces were demonstrated, featuring a tunable
optical chirality in the near-infrared range with a modulation
speed of more than 10 MHz.423

6.4.3. Eyeball Cameras. Cameras in forms of biomimetic
3D eyeballs can significantly improve the imaging performance
by offering broadened field of views, reduced distortions, and
decreased chromatic aberrations.198,424 Various eyeball cameras
manufactured using mechanically-guided assembly methods
were reported.100,101,129,130,187,197,246,414,425−427

For example, paraboloid electronic eyeball cameras were
fabricated through curving-induced assembly of flexible photo-
detector arrays on top of hemispherical surfaces, demonstrating
improved uniformity of illuminations and well-performed

focusing capabilities across a wide field of view, when compared
with planar ones.100 Inspired by the exceptionally wide fields of
view, infinite depth of field, and high sensitivity to motions of a
natural arthropod eye,129 digital cameras in forms of apposition
compound eyes were manufactured (Figure 29a), achieving a
wider field of view (160°) with much fewer eye units (i.e., 180
units) than those of dragonflies and worker ants. Additionally,
different superposition compound eyes (RSCEs) were designed
to provide wide spectra of artificial reflections (from infrared to
X-ray) with minimum chromatic aberrations, thereby enabling
enhanced motion-tracking capabilities and high imaging
qualities (i.e., the intensity ratio of the focused image to the
background pattern can reach ∼5).425 Notably, flexible
photodetector arrays with other structural designs were also
exploited to improve the conformability so as to facilitate the
manufacturing of eyeball cameras.187

Figure 30. 3D energy devices. (a) Microbattery composed of 3D metal layer current collectors formed by a rolling assembly. Reproduced with
permission from ref 314 under CC BY. Copyright 2022 Wiley. (b) A “Swiss-roll” microelectrode platform for in situ study of electrical conductivity,
electrochemical reactions, and morphology evolution in battery electrodes. Reproduced with permission from ref 430 under CC BY. Copyright 2022
The American Association for the Advancement of Science. (c) 3D piezoelectric microdevice capable of efficiently harvesting low-frequency
vibrational energies. Reproduced with permission from ref 132. Copyright 2019 Springer Nature. (d)Wearable energy harvesting system composed of
3D thermoelectric coils formed using buckling-guided assembly. Reproduced with permission from ref 289 under CC BY. Copyright 2018 The
American Association for the Advancement of Science. (e) Spherical solar cells. Reproduced with permission from ref 357. Copyright 2009 National
Academy of Sciences.
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Apart from electronic compound eyes, eyeball cameras
inspired by aquatic visions were reported as well.426,427 For
example, inspired by the vision of cichlid fish, miniaturized
eyeball cameras (with a diameter of 11.5 mm) were developed,
offering a large field of view (120°), a deep depth of field (20
cm), a low optical aberration, and a simple visual accom-
modation capability (Figure 29b).426 Furthermore, a 3D eyeball
camera inspired by the cuttlefish eye, consisting of a W-shaped
pupil, a single ball lens, a surface-integrated flexible polarizer,
and a highly integrated cylindrical silicon photodiode array that
can maintain an average degree of polarization of ∼78% in the
visible wavelength range, was able to perform high-quality
imaging under uneven illumination conditions.427

To improve the accommodation of cameras to the changes in
the Petzval surface upon the use of different lenses, tunable
hemispherical electronic eye camera systems with adjustable
zooming capabilities were developed through curving-induced
assembly.101 In particular, these cameras employed deformable
photodetector arrays on thin elastomeric membranes, which are
capable of pneumatically controlled dynamic curvature adjust-
ments. Additionally, origami197 and kirigami130 designs were
also exploited for the manufacturing of hemispherical electronic
eyes. For example, shape-adaptive imagers with kirigami designs

were fabricated featuring high pixel fill factors (i.e., 78%),
unvaried electrical performances under expansion, and focused
views of objects at different distances with low aberrations. The
adjustable optical focusing power of these electronic eyes ranges
from 22.9 to 34.7 dioptres (dpt), surpassing the capability of the
human eye (Figure 29c).130

6.5. Energy Devices

6.5.1. Microbatteries. Mechanically-guided 3D assembly
has driven the development of various microbat-
teries313−315,428−431 and supercapacitors.291,432,433 For instance,
spiral microelectrodes were prepared by residual-stress-induced
rolling for lithium-ion microbatteries.313 In detail, such spiral
microbatteries featured tiny dimensions (i.e., a footprint area of
around 1mm2), a relatively high maximum area capacity of 1053
μAh cm−2, an energy density of 12.6 mWh cm−3, as well as a
retention of 67% after 50 cycles. By the use of the rolling
assembly, MnO2-based microbatteries were prepared (Figure
30a), rendering enhanced overall performances of a footprint
area of 0.75 mm2, a reversible area capacity of 1 mAh cm−2, as
well as a retention of 50% after 600 cycles.314

Apart from microbatteries, microelectrodes were also
manufactured and utilized as platforms for in situ character-

Figure 31. 3D fliers and aquatic robots. (a) Seed-inspired 3D electronic fliers with an integrated microsystem or a transistor, which exhibit stable
rotational falling in the air. Reproduced with permission from ref 22. Copyright 2021 Springer Nature. (b)Wirelessly controlled swimmingmicrorobot
composed of rolled twin-jet-engines. Reproduced with permission from ref 15. Copyright 2020 Springer Nature. (c) Laser controlled microrobots
consisting of 3D electrochemical actuators formed by using the rolling assembly. Reproduced with permission from ref 18. Copyright 2020 Springer
Nature.

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.3c00335
Chem. Rev. 2023, 123, 11137−11189

11171

https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00335?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00335?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00335?fig=fig31&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.3c00335?fig=fig31&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.3c00335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


izations of batteries (Figure 30b).430 The elucidations of the role
that Fe substitution played for conversion-type NiO battery
were showcased as a model study through the monitoring of
Fe2O3 evolution and solid electrolyte interphase layer,
demonstrating great potentials of using such microelectrodes
to probe electrochemistry within batteries.
Tubular supercapacitors were also fabricated by the use of

mechanically-guided assembly approaches. For instance, a
tubular microsupercapacitor (TMSC)291 was demonstrated,

featuring excellent overall performances of a footprint area of
less than 0.8 mm2, a capacitance of 88.6 mF cm−2, an energy
density of 28.69 mWh cm−2, and a retention of 91.8% after
12,000 cycles.
6.5.2. Energy Harvesters. Transforming piezoelectric

microsystems into 3D configurations using mechanically-guided
assembly methods can enrich their operational modes133,434,435

as well as offer improved energy harvesting performance.132,436

For example, the integration of piezoelectric elements (i.e.,

Figure 32. 3D terrestrial robots. (a) Submillimeter-scale terrestrial robots with heterogeneously integrated 3Dmesostructures with a patterned SMA, a
PI skeleton, and a SiO2 shell. Reproduced with permission from ref 17. Copyright 2022 The American Association for the Advancement of Science. (b)
Soft climbing microrobot capable of climbing on and transitioning between different curved surfaces. Reproduced with permission from ref 16 under
CC BY. Copyright 2022 National Academy of Sciences. (c) Amphibious soft electromagnetic robot capable of walking, running, jumping, and
swimming. Reproduced with permission from ref 442 under CC BY. Copyright 2022 Springer Nature.
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PVDF) with 3D structures of ultralow stiffnesses437,438 allowed
for energy harvesters with complex modes of vibrations, thereby
achieving an enhanced energy harvesting performance (Figure
30c).132 In particular, different vibrational modes, such as out-
of-plane (vertical) and in-plane (lateral) modes, were achieved
by the use of suspended 3D serpentine arrays, generating root-
mean-square (RMS) voltages ranging from 1 to 2.02mV under a
frequency ranging from 600 to 700 Hz. In this work, a buckled
bistable serpentine structure equipped with a proof mass was
also manufactured, featuring the generation of electrical powers
across a wide range of frequencies, spanning 2 orders of
magnitude (from 5 to 500 Hz). Integrating thin-film thermo-
electric materials (i.e., doped Si) with compliant 3D
architectures allowed for efficient thermal impedance matching
and increased power conversion efficiencies.289,350,439 For
example, a 3D flexible helical array (i.e., an 8 × 8 helical coils
array) was prepared for thermoelectric energy harvesting
(Figure 30d).289 In particular, the open-circuit voltage generated
by this thermoelectric harvester reached 51.3 mV subjected to a
temperature difference of only 19 K, and the measured output
power was 2 nW. In another case, a folded 3D photovoltaic (PV)
device was capable of efficient light trapping, with a short-circuit
current density of 3.6 mA cm−2 and a fill factor of 0.49 (Figure
30e).357 Last by not least, graphene-based hydroelectric
generators (GHEGs) in various 3D configurations could realize
good energy harvesting performances by harnessing humidity
gradients (i.e., with generated voltages of up to 1.5 V under the
humidity variation of atmosphere).229

6.6. Robotics

3D electronic fliers hold great potential for environmental
monitoring, population surveillance, and sensing applications
that require volumetric coverage in 3D spaces. Inspired by wind-
dispersed seeds, 3D macro-, meso-, and microscale electronic
fliers were developed through buckling-guided assembly
approaches, featuring controlled, rotational kinematics, and
low terminal velocities.22 Incorporations of active electronic and
colorimetric materials on top of such 3D fliers allowed battery-
free, wireless devices and colorimetric sensors for environmental
analysis, such as measurements of particle matter (PM)
pollution and pH values in the atmosphere (Figure 31a).
Derived from the above, biodegradable 3D colorimetric fliers
were also fabricated, allowing remote assessments of multiple
environmental parameters such as pH values, heavy metal
concentrations, ultraviolet exposures, humidity levels, as well as
temperatures.23 Furthermore, by integrating responsive materi-
als (e.g., SMP) with such electronic fliers, morphable 3D
mesofliers were developed, featuring large degrees of actuation
deformations with a fast response time of 1.08 s.131

6.6.1. Electronic Fliers. 6.6.2. Aquatic Robots. Unteth-
ered aquatic robotic systems have important applications in
biomedical fields, such as lab-on-a-chip devices, minimally
invasive surgical interventions, among others.318 For instance,
through the rolling assembly associated with asymmetric designs
of tilted head-flagellum geometries, arc-shaped microswimmers
were manufactured, featuring bidirectional motions without the
requirement of a reversal in the direction of the applied
rotational magnetic field.440 Additionally, by the use of
morphable SMP substrates, aquatic robots were manufac-
tured,226 featuring remote control of switchable swimming
modes through thermomechanical stimulations. Wirelessly
powered flexible microjet systems with controlled locomotion
modes were also developed (Figure 31b).15 In particular, such

systems can be remotely powered by inductive coupling, and
their motions were driven by controlled catalytic reactions.
Additionally, through the development of a novel type of
voltage-driven foldable surface electrochemical actuators, a
series of subhundred-micrometer robots were manufactured
(Figure 31c).18,441 Remarkably, the fabrication process was
highly compatible with planar techniques, rendering the mass
production of over one million robots on a 4 in. Si wafer.
6.6.3. Terrestrial Robots. Various terrestrial robots with

diverse locomotion modes were developed by using mechan-
ically-guided assembly methods. For example, submillimeter
robots of various 3D geometries were developed17 through the
assembly of a patterned heterogeneous membrane consisting of
a PI skeleton, SMA actuators, and a SiO2 elastic encapsulation
shell (Figure 32a). Owing to the rich diversity of structural
designs, such robots could enable different locomotion modes
under laser control, including crawling, walking, turning, and
jumping. Soft microrobots, with a broad spectrum of architected
3D configurations and stiffness adjusting capabilities, were also
manufactured through the buckling-guided assembly of LCE
composites (i.e., enabling large degrees of 3D-to-3D shape
morphing) (Figure 32b).16 In particular, such soft microrobots
were equipped with morphable electroadhesive footpads
(Figure 32b, bottom left) and stiffness-variable smart joints,
enabling different locomotion modes in a single microrobot,
including climbing on complexly curved walls (e.g., wedge-
shaped, cylindrical, spherical, and wavy surfaces) as well as
transitioning between two distinct surfaces. Through the use of
the roll assembly, electromagnetically controlled soft robots
were manufactured, capable of walking, running, swimming,
jumping, steering, and transporting cargos (Figure 32c).442 In
addition, origami-inspired designs were also introduced to
fabricate robots through the folding assembly, rendering
controlled transformations from flat sheets into functional
robots.175,443 Furthermore, insect-scale fast-moving and ultra-
robust soft robots were also developed by curving-induced
assembly of unimorph piezoelectric structures, exhibiting a high
moving speed of 20 body lengths per second.19

7. CONCLUSIONS AND OUTLOOKS
During the last two decades, the field of flexible/stretchable
electronics has been growing very rapidly, sparking significant
interests in the contemporary society, spanning diverse
industrial and research areas (e.g., IoT, daily healthcare,
robotics, fundamental biology, medicine, energy, sensors, etc.).
Originated by pioneer works in organic electronics1 and
structurally engineered inorganic electronics,103 flexible/
stretchable electronics well pronounce the future needs and
directions of electronic devices from divergent points of views.
Fruitful research works have been conducted, demonstrating
plentiful 3D flexible electronic devices,34,35,106 fabrication
protocols for functional circuits on 3D curved surfaces,102,138,201

stretchable standalone device platforms,17,203,228 and so on.
Among the various promising directions of the vibrant field, 3D
flexible electronics represent a core branch, owing to their
unique structure-induced functionalities, expanded design
freedoms, and capabilities of better conforming to or replicating
complexly shaped biological objects, when compared with
planar counterparts. Compatible with well-established fabrica-
tion techniques of planar inorganic flexible electronics,35,104,106

mechanically-guided 3D assembly methods stand as powerful
tools for the manufacturing of architected 3D flexible electronics
with precisely engineered structural configurations and
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functionalities.138,300 Though the primary goal of mechanically-
guided assembly methods (i.e., rolling, folding, curving and
buckling) is to manufacture miniaturized flexible electronic
devices from nano- to millimeter-scale, many examples have
showcased that the mechanically-guided assembly methods,
such as the rolling, folding and buckling, are capable of parallel
manufacturing of multiple devices/systems/structures in one
round.96,119,249,444 Notably, herein, to establish a clear material−
fabrication−performance−application relationship, a detailed
comparison table (Table 2) summarizing the used assembly
methods, device forms, structure-induced functionalities,
superiorities comparing to their planar counterparts, and
applications of various architected 3D flexible devices is
presented. Despite significant progress summarized above, rich
opportunities exist in this burgeoning area of architected 3D
flexible electronics, as detailed below.
7.1. Routes to Extremes: Deformations and Dimensions

Through creative uses of the mechanics of materials and
structures, mechanically-guided assembly methods transform
the as-prepared planar electronic devices into deterministic 3D
architectures, achieving many previously inaccessible (or hard-
to-achieve) structure-induced functionalities such as the 3D
integration with programmable spatial resolution, omnidirec-
tional photoenergy harvesting, and morphological/structural
evolution.
Two core aspects of mechanically-guided methods for 3D

device assembly are how complicated the accessible deforma-
tions can be (i.e., complexity and diversity of deformations) and
to what extent each deformation mode can reach (i.e.,
magnitudes of deformations). Althoughmany basic deformation
modes (i.e., bending, folding, twisting, shearing, and buckling)
are already exploited in mechanically-guided assembly methods,
combined deformation modes applied in desired sequences are
rarely achieved due to technical challenges to implement the
mechanical loadings experimentally. In addition, themagnitudes
of each deformation mode are not yet pushed to extreme. For
example, an extreme rolling process might result in tubular
structures with ultracompact walls and supersmall diameters of
only several manometers; a buckling-guided assembly with huge
biaxial prestrains (e.g., 1000%) might generate a device with
extreme expansion ratios. To achieve extreme deformations in
mechanically-guided 3D assembly, developments of experimen-
tal platforms with powerful loading capabilities as well as
artificial intelligence boosted topology optimization methods of
2D precursors and substrates are promising to explore.
The manufacturing of well-defined 3D nanostructures with

unique physical and chemical properties stands as the long-term
goal for nanofabrication methods, and mechanically-guided
assembly methods are no exception. Although several initial
trials have been conducted using mechanically-guided assembly,
only 3D nanostructures with very simple geometric config-
urations were formed.126,221,242 Therefore, developments of
nanoscale assembly approaches that allow the manufacturing of
3D nanoarchitectures with complex geometric configurations
stand as a vital direction in this field. Such fabrication capabilities
with nanoscale precision are expected to give rise to architected
flexible electronic devices with fundamentally new functions.
7.2. Inverse Design Methods

Powerful inverse design methods that can rapidly map target 3D
geometries onto optimized 2D precursor patterns and give
required loading forms/magnitudes are foundational to the
widespread utility of mechanically-guided assembly methods.T
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Very recently, by introducing microlattice designs and tuning
their local stiffnesses through a tailored porosity distribution, an
inverse design method assisted by machine learning algorithms
was developed for the buckling-guided assembly, capable of
replicating many 3D curved surfaces in biology.300 However, the
nature of the 2D-to-3D assembly and in-plane loadings set
certain limitations to the range of accessible 3D geometries.
Plenty of open opportunities lie in devising novel inverse design
strategies with the assistance of artificial intelligence under the
framework of mechanically-guided methods. For example, the
two-level inverse design that involves concurrent optimization of
kirigami cuts at a global level and microlattice patterns at a local
level can well expand the range of inversely designed 3D
geometries and is very exciting to explore.
7.3. Encapsulation Strategies

Encapsulation is the key to ensuring the secure and stable
operation of flexible electronic devices. The existing encapsu-
lation methods of flexible electronics mostly exploit polymeric
materials such as PI and silicone elastomers (e.g., PDMS). These
encapsulations are simple and efficient for planar flexible
electronics. When turning to those emerging architected 3D
flexible electronics that have certain components popping up
from the substrate surface,238,240,280 such encapsulation
methods are no longer applicable. For example, to allow free
out-of-plane deformations of serpentine interconnects, an
encapsulation approach harnessing the excellent stretchability
of soft network materials (i.e., both uni- and biaxial) can be
exploited.333,445−447 However, the reported encapsulation
strategies are just the tip of the whole iceberg. Exciting
opportunities lie in the developments of new encapsulation
strategies that pose significantly reduced mechanical constraints
to the functional 3D architectures while providing effective
protection.
7.4. Applications

Flexible electronics assembled using mechanically-guided
approaches have already found applications in diverse fields,
including biology, medicine, sensing, energy, robotics, and so on.
On the one hand, the exploration of new application scenarios
and areas (e.g., catalysis, deep space exploration, and nonlinear
optics) of architected 3D flexible devices stands as a mainstream
research direction in the field. On the other hand, the discovery
of more structure-induced functionalities is instrumental to
expand the applications of architected flexible electronics. For
example, the incorporation of rationally distributed local
metasurfaces in a designed 3D architecture to achieve controlled
coupling of electromagnetic waves into desired functional
elements is worthy of investigation.
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LIST OF ABBREVIATIONS
PDMS Polydimethylsiloxane
LCE Liquid crystal elastomer
SMA Shape memory alloy
FIB Focused ion beam
SMP Shape memory polymer
TFFA Thin film-shaped flexible actuator
PI Polyimide
PVDF Polyvinylidene fluoride
PZT Lead zirconium titanate
CN Carbon nanotube
RF Radiofrequency
FEA Finite element analyse
QWIP Quantum well infrared photodetector
nBSC Nano-biosupercapacitor
QLED Quantum dot light-emitting diode
ESA Electrically small antenna
IoT Internet of Things
VOC Volatile organic compound
PEC Photoelectrochemical
FET Field-effect transistor
MT-SERS Mechanical trapping and surface-enhanced Raman

spectroscopy
MEA Microelectrode array
DRG Dorsal root ganglion
BAEP Bioartificial endocrine pancreas
RPE Retinal pigment epithelium
GI Gastrointestinal
NFC Near-field communication
NMR Nuclear magnetic resonance
GMR Giant magnetoresistance
EL Electroluminescent
LMPA Low melting point alloy
GNP Graphene nanoplatelet
PMMA Poly(methyl methacrylate)
RSCE Reflecting superposition compound eye
TMSC Tubular microsupercapacitor
RMS Root-mean-square
PV Photovoltaic
GHEG Graphene-based hydroelectric generator
PM Particle matter
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