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shapes.!l In modern materials science,

Origami and kirigami, traditional arts that transform flat sheets into intricate these purely geometric techniques pro-

three-dimensional structures through the design of creases and cuts, have
inspired a wide range of engineering applications across multiple fields. These
scale-independent fabrication techniques have been adapted to nanomem-
branes, enabling the construction of reconfigurable micro- and nanostructures
with unique properties that are challenging to achieve through conventional
methods. This review highlights recent advancements in the design, fabrica-
tion, and applications of origami and kirigami on nanomembranes. Fundamen-
tal design theories for crease and cut patterns on nanomembranes and their
corresponding mechanical responses under large deformations, such as twist-
ing and bending, are discussed together with the actuation mechanisms that
facilitate the transition from two-dimensional patterns to three-dimensional
structures. Recently developed microfabrication methods are summarized, in-
cluding patterning, detachment, and transfer printing for nanomembranes. The
applications of nanomembrane-based origami and kirigami devices in opto-
electronics, micro/nanorobots, and metamaterials are highlighted, which take
advantage of the reconfigurable complex 3D microstructures. Key challenges in
the field are identified, and future research directions are proposed to further in-
tegrate origami and kirigami principles into nanomembrane engineering. This
overview aims to provide researchers with a comprehensive reference to foster
further innovations and applications in this emerging interdisciplinary domain.

vide a scale-independent framework for
creating 3D architecturesi>* from thin
two-dimensional (2D) films, or nanomem-
branes. A nanomembrane is a freestanding
or transferable thin film that is often only
a few nanometers to hundreds of nanome-
ters thick, exhibiting high flexibility.’! By
applying origami and kirigami design rules
to such nanomembranes, engineers can
achieve 2D-to-3D geometrical transforma-
tions that were previously impossible with
rigid, thicker materials.l*?! The folding and
cutting methods have also been adapted
to diverse functional materials, ranging
from single-crystal silicon,'% oxides,'!! to
polymers'13] and graphene.["*] The result-
ing 3D micro/nanostructures with feature
sizes from tens of nanometers to millime-
ters can host unique properties distinct
from bulk materials, giving rise to new
functionalities in electronics,!"®! optics,[1¢17]
magnetics,[*® mechanics,[') and beyond.

The motivation for origami/kirigami-

1. Introduction

Origami (paper folding) and kirigami (paper cutting) are an-
cient arts of transforming flat sheets into three-dimensional (3D)
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based 3D assembly is the promise of en-

hanced or novel functionalities that 3D
geometries can provide. For example, folding 2D nano-
membranes>*2021] into 3D shapes(?>%5] can achieve optoelec-
tronic devices with improved light capture and field of view,2*26]
metamaterials with exotic electromagnetic behavior, % and
microscale robots,[732] as illustrated in Figure 1. However,
a major challenge in realizing such systems is the lack of
fabrication/assembly methods that offer both the necessary
resolution (micro/nanoscale features) and the required ma-
terials compatibility. Traditional 3D printing or multiphoton
lithography!®***] can produce high-resolution structures but
cannot directly use semiconductor-grade thin films. On the
other hand, self-folding strategies using special materials (e.g.,
shape memory polymers!**! or hydrogels!®*®)) achieve 3D shapes
but often sacrifice material performance (not suitable for elec-
tronics) or geometric versatility. The origami/kirigami paradigm
addresses these gaps by leveraging standard planar microfabri-
cation of a large variety of thin films, followed by out-of-plane
transformation to create 3D structures.

Still, significant challenges remain in this emerging field: the
mechanics of nanoscale folding can differ from macroscale pa-
per folding, fabrication methods must balance precision with
scalability, and integrating these delicate 3D structures into
functional devices is non-trivial. This timely review provides a

© 2025 Wiley-VCH GmbH
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Figure 1. An overview of the nanomembranes implemented with origami and kirigami concepts to achieve 2D-to-3D transformation for advanced
functionalities in optoelectronics, metamaterials, and microrobots.[>1420-32] Top panel: silicon, graphene, Au, and VO, nanomembranes. Adapted with
permission.[>142021 | eft to right: Copyright 2011, Springer Nature; Copyright 2015, Springer Nature; Copyright 2015, American Chemical Society (ACS);
Copyright 2019, Institute of Physics (IOP). Middle panel: 3D microdome, Al,O5 folded cubes, Si tube, and bilayer of Au and SU8 origami. Adapted with
permission.l?272] Left to right: Copyright 2018, American Association for the Advancement of Science (AAAS); Copyright 2011, Wiley; Copyright 2023,
Wiley; Copyright 2016, Wiley. Bottom panel: optoelectronics (polarization photodetector and digital camera), metamaterials (folded 3D metamaterials
and nano-electromechanical system), and microrobots (microgripper, microwalker, microflier and microscale “bird”). Adapted with permission.[2426-32]
Optoelectronics, top to bottom: Copyright 2023, Wiley; Copyright 2013, Springer Nature. Metamaterials, top to bottom: Copyright 2017, Wiley; Copyright
2021, Springer Nature. Microrobots: top left. Copyright 2008, ACS; top right, copyright 2020, Springer Nature; bottom left, Copyright 2021, Springer
Nature; bottom right, Copyright 2019, Springer Nature.

comprehensive overview of the state of the art in origami and  der to inform and inspire further research in this exciting inter-
kirigami applied to nanomembranes. In the sections that follow,  disciplinary domain.

we discuss the theoretical design principles, the mechanical be-

havior of thin ﬁlm's during folding, and the physical actuation o Design Theory

mechanisms enabling 2D-to-3D shape changes. We then survey

fabrication strategies for patterning, releasing, and integrating
origami/kirigami nanomembranes. Finally, we highlight a range
of device applications, including optoelectronics, transformable
microrobots, and reconfigurable metamaterials, and we conclude
with an outlook on current challenges and future prospects in or-
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2.1. Origami and Kirigami Fundamentals
In origami engineering, a flat sheet is transformed into a tar-

get 3D shape purely by folding along prescribed lines (creases)
without cutting the material.[?) Kirigami introduces cuts or voids
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in the sheet, which provides additional degrees of freedom for
deformation. Both techniques are inherently scalable: the same
geometric principles apply from the macroscale (paper models)
down to the microscale. The classical origami model treats the
sheet as an ideal thin, inextensible surface that bends at zero-
thickness crease lines.’] This model works well when the ma-
terial is sufficiently thin and flexible, as is the case for many
nanomembranes. However, real materials have finite thickness
and may not accommodate sharp folds easily. Kirigami allevi-
ates some of these limitations by removing material (through
cuts or slits) to release strain and allow motions that pure bend-
ing cannot achieve.l*] A simple example is a flat ribbon with pe-
riodic cuts that can stretch like a spring; at the nanoscale, this
concept was applied to one-atom-thick graphene, where kirigami
cuts enabled the graphene to act as a robust, flexible spring that
could be stretched by ~70% without breaking.['*) In that ground-
breaking demonstration of graphene kirigami, the cuts and re-
sulting hinges allowed a normally rigid 2D material to behave
like an elastic membrane, highlighting the power of kirigami de-
sign even at atomic thickness.

The design of origami/kirigami patterns for nanomem-
branes draws on both artistic intuition and mathematical theory.
Origami patterns are often defined by crease graphs (networks
of mountain and valley folds) that satisfy geometric constraints
to be physically foldable. For instance, flat-foldability is a crucial
property in origami design, as it determines whether the entire
structure can always be transformed into a flat, planar shape dur-
ing the folding process.l?l This property ensures that the origami
model can be completely flattened without any distortions or
overlaps, which is critical for applications on nanomembranes
made by planar microfabrication techniques.l’”! Kawasaki’s the-
orem provides a criterion for determining whether a crease pat-
tern with a single vertex can be folded into a flat shape. The theo-
rem states that such a pattern is flat-foldable if and only if the
alternating sum of the angles of consecutive folds around the
vertex equals zero, ensuring that the pattern can be folded with-
out any overlaps or gaps.”8] Many flat-foldable origami patterns
have been developed, including the Miura-ori,*?! Eggbox, [
Blockfold,[*!) and many with rotational symmetry!*?! (Figure 2a).
Varying the design parameters of these patterns lead to highly
tunable mechanical properties, including Poisson’s ratio,3%4
anisotropic stiffness,[**] and multistability,[“~*8] which bene-
fits the design of nanomembranes for reconfigurable 3D mi-
cro/nanostructures.

Kirigami patterns are defined by cut geometries in addition
to folds; strategic placement of cuts can transform a brittle film
into a compliant mesh capable of large out-of-plane displace-
ment. Kirigami transformation can be achieved by structural
buckling or rotating units.[*] Once a flat sheet is perforated with
cuts, the effective modulus of the structure is significantly low-
ered compared to its intact form, and could be anisotropic. The
out-of-plane deformation may exhibit significantly lower stiffness
compared to the in-plane deformation, exhibiting out-of-plane
buckling under in-plane mechanical loading and forming 3D
structures!®!*#] (Figure 2b). By rationally designing the cuts, one
could also achieve a kirigami structure with a collection of rotat-
ing units under stretching.[®) In this case, the rotating units are
considered as rigid panels linked by rotational hinges at corners.
In practical designs, this may lead to high stress concentrations
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at the hinges and limit the degrees of freedom of the deforma-
tion. A design with out-of-plane foldable hinges is a possible way
to release such constrains®'*?! (Figure 2c). This type of transfor-
mation combines the kirigami concept with cuts together with
the origami concept with folding, leading to a wide design space
for complex 3D structures that are previously unattainable, in-
cluding morphing between flat sheets and closed surfaces!>>*
(Figure 2d).

Artificial intelligence (AI) algorithms are becoming essential
for origami/kirigami inverse design because the pattern spaces
are combinatorial, while forward evaluations are costly. Early
work used model-based offline reinforcement learning: an emu-
lator based on a convolutional neural network (CNN) and trained
on molecular dynamics (MD) data, guided a sequential cut-
placement policy to maximize stretchability in MoS, kirigami,
mitigating the prohibitive ~6-h-per-structure simulation burden
during search.l®®! As the field shifted toward reproducing pre-
scribed 3D shapes, inverse-design frameworks posed surface ap-
proximation as a two-stage optimization over rigid, flat-foldable
quadrilateral-mesh origami, ensuring deployability while han-
dling nonconvex constraints and demonstrating both smooth
curvatures and sharp ridges.*®! Extending beyond 2D surfaces,
a volumetric inverse-design approach for curvilinear modular
origami mapped unit cells into target 3D geometries and then
explored geometric/topological combinations to achieve the de-
sired mobility, highlighting the need for Al-assisted exploration
of vast design spaces.l’’] Most recently, a purely geometric strat-
egy for kirigami inverse design programs morphing by tuning
rotating-unit shapes and without relying on large-scale numerical
solvers; such rule-based insights are complementary to Al, which
can prioritize feasible patterns and trade off multi-objective cri-
teria (shape fidelity, deployability, actuation).l®! In sum, combin-
ing Al-driven global search with geometry-based priors yields an
interpretable, closed-loop pipeline for inverse-designing deploy-
able and non-developable origami/kirigami with coupled multi-
physics performance.

Recent studies demonstrate that both origami and kirigami
principles, including conformability, multistability, and the abil-
ity to induce large deformations, are not only preserved but also
enhanced when applied to nanomembranes. Silverberg et al.
demonstrated that origami structures at the microscale exhibit
bistability, where hidden degrees of freedom in crease patterns
allow for transitions between stable configurations, preserving
multistability even at the nanoscale.'¥} Zhu et al. introduced
an electrothermal micro-origami system that enables rapid and
reversible elastic folding, as well as plastic folding for repro-
gramming static shapes, preserving the conformal properties
of origami at the microscalel®®! (Figure 2e). Song et al. applied
origami principles to silicon nanomembranes, creating recon-
figurable 3D structures that maintained the conformability and
tunable mechanical properties of origami.l®’l Rao et al. developed
kirigami-based stretchable imagers, using a design that enabled
high stretchability while maintaining a high pixel fill factor,(®!] as
shown in Figure 2f. The imager, made of ultrathin silicon opto-
electronic pixel arrays, could stretch biaxially by 30% without los-
ing its electrical performance. Blees et al. showed that kirigami
applied to graphene allowed the material to act as a stretch-
able spring, preserving the key properties of kirigami (such as
flexibility and resilience) at the atomic scalel'*! (Figure 2g). The
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Figure 2. Origami and kirigami fundamentals. a) The crease patterns and folded configurations of Miura origami, Blockfold origami, axisymmetric Miura
origami, and axisymmetric blockfold origami. Adapted with permission.[*!l Copyright 2024, the Royal Society. b) Paper kirigami springs. Adapted with
permission.l™! Copyright 2015, Springer Nature. c) Two-dimensional reconfigurable kirigami metasheets constructed from combined cuts and folds.
Reproduced with permission.[>"] Copyright 2019, National Academy of Sciences. d) 3D printed shape-morphing ori-kiri assemblage: compact cube or
sphere (left) and deployed sphere (right). Reproduced with permission.[*] Copyright 2025, AAAS. e) The fabrication method can simultaneously fabricate
various micro-origami with different geometries and functions on the same wafer. Adapted with permission.[3°1 Copyright 2020, Wiley. f) Schematic of
a biaxially stretched kirigami sheet and an optical image of the bilayer device on a hemispherical polydimethylsiloxane (PDMS) surface after conformal
additive stamp (CAS) printing. Inset: an enlarged view of the stretched kirigami sheet and the geometry of a repeating kirigami unit showing the pixel
and space regions. Reproduced with permission.[®"] Copyright 2021, Springer Natrue. g) Manipulating devices with a large sheet of graphene and gold
pads. Adapted with permission.['*] Copyright 2015, Springer Nature.
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Figure 3. Mechanical behaviors of nanomembranes during the folding process. a) The scanning electron microscope (SEM) image of the Si nanomem-
brane and the curves of bending stiffness and energy release rate vary with the thickness of the Si nanomembrane. Reproduced with permission.[®]
Copyright 2011, Springer Nature. b) Optical microscopy images of spontaneous rolling along the zigzag edge at —10° and cross-sectional Transmission
Electron Microscope (TEM) image of a representative multi-walled graphene roll. Higher-resolution cross-sectional TEM image of the area marked in
the red zone. Reproduced with permission.l*7] Copyright 2025, Springer Nature. c) Top and cross-sectional views of a straight ribbon with two different
thicknesses and a fixed length ratio (L,/L = 0.05) and two different thickness ratios (t,/;). Adapted with permission.[?] Copyright 2016, Wiley. d) SEM
images of a four-panel micromachine. Adapted with permission.[32] Copyright 2019, Springer Nature. e) Schematic of deformation of pNIPAM/Au bilayer
heterostructures induced by diffusion of H,O molecules, and schematic of the actuation of a frog’s tongue and optical image of a waveguide microac-
tuator. Reproduced (Adapted) with permission. Reproduced with permission.[®4] Copyright 2025, Wiley. f) A false-colored SEM image of a microsplay
hinge and a metabot sheet. Here, the surface electrochemical actuators (SEAs) appear bright yellow, and the panels are colored orange. Reproduced with
permission.[®°] Copyright 2025, Springer Nature. g) Optical microscopy images and SEM image of a SnS,/WSe, roll-up. Adapted with permission.[6°]
Copyright 2021, Springer Nature.

successful translation of these properties to the microscale and
nanoscale emphasizes the scalability of these techniques and
their potential for advancing reconfigurable nanostructures in a
variety of applications.

2.2. Mechanical Behaviors of Nanomembranes during the
Folding Process
When applying origami and kirigami concepts to nanomem-

branes, designers leverage the fact that scaling down in thick-
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ness dramatically increases flexibility. An extremely thin mem-
brane (on the order of 10-100 nm) can often be bent to a small
radius without plastic deformation or fracture, because bending-
induced strain scales with thickness>’! (Figure 3a). Ultra-thin
films can thus accommodate sharp curvatures elastically. The fa-
vorable bending mechanics of nanomembranes are a key enabler
for microscale origami and kirigami. For example, graphene
monolayers (0.34 nm thick) and other 2D materials exhibit ex-
ceptional bendabilityl!*®2! (Figure 3b). They can be scrolled or
folded with a radius of curvature on the order of tens of nanome-
ters without breaking. Even a semiconductor nanomembrane
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(~100 nm thick) is vastly more pliable than a bulk wafer, al-
lowing phenomena like the rolling or buckling of silicon that
would be impossible in a thick substrate.l%3] This is quantified by
the Féppl-von Karman (FvK) number, which compares a mem-
brane’s in-plane rigidity to its bending rigidity.['* Atomically
thin or ultrathin membranes have extremely high FvK numbers,
meaning they prefer bending or crumpling out-of-plane rather
than stretching in-plane. As a result, nanomembranes can un-
dergo large out-of-plane deformations (folds, scrolls, wrinkles)
with minimal in-plane strain. This is a favorable scenario for
origami/kirigami, since it reduces the risk of material failure due
to stretching.

Despite their flexibility, nanomembranes do have mechanical
limits, and understanding stress distributions during folding is
critical. When a membrane is folded along a line, the material
at the fold experiences bending strain ¢ = t/2R (for thickness
t and fold radius R). If R is too small or t too large, this strain
can exceed the material’s elastic limit, causing cracking or plas-
tic deformation. One strategy to avoid this is to localize bending
to the designed hinge regions. By making the membrane locally
thinner or softer along intended crease lines, one can ensure that
bending (and thus strain) concentrates there, while the adjacent
panels remain essentially rigid. Simulations have shown that if
the thickness of a crease region is less than about one-third the
panel thickness, the thick panels will undergo negligible defor-
mation and the thin creases will absorb the necessary strain!?’!
(Figure 3c). Increasing the crease width (spreading the curvature
over a slightly wider zone) and decreasing its thickness both help
to reduce the maximum strain in the material, thus preventing
failure. In practical terms, this could be achieved by a two-step
etching process that leaves half-etched lines on the membrane
to act as creases. It is also possible to lithographically pattern the
creases as winding springs, which has been implemented on ma-
terials with high modulus such as silicon nitride. This method
also effectively reduced the bending stiffness of the crease and
the bending strain in the material, therefore allowing repeatable
folding up to tens of thousands of times without any breaking!®?
(Figure 3d). Another method is to use a bilayer material: for ex-
ample, a soft polymer strip on the back of a stiff metallic film
can serve as a hinge that endures large bending while the metal
remains elasticl® (Figure 3e).

Kirigami offers an alternative means of managing strain: by
removing material to create cuts or slits, one allows the mem-
brane to deform out-of-plane without stretching the bulk of the
material. A well-designed kirigami pattern can thus dramatically
reduce in-plane strain concentration during a folding or buckling
process. The earlier example of a cross-cut converting a square
membrane into a pyramid is illustrative.[®! Finite element analy-
sis showed that the cuts segment the membrane in such a way
that each panel can bend and rotate with much lower internal
strain, and the narrow connecting hinges between panels expe-
rience only moderate bending stress.[®] Essentially, the cuts play
two critical roles: i) they eliminate large, continuous regions of
the film that would otherwise develop damaging localized defor-
mations (e.g., wrinkling or tearing under compression), and ii)
they prevent self-intersection or jamming by providing clearance
as different parts of the structure rotate and fold!®! (Figure 3f).

In summary, the key mechanical considerations for
nanomembrane origami/kirigami are: keep bending strains
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below critical values (via thin hinges, large radii, or cuts), ex-
ploit the naturally low bending stiffness of thin films to enable
folding, and minimize any required in-plane stretching. When
these criteria are met, even rigid materials like silicon or silicon
nitride can undergo dramatic shape changes elastically. Indeed,
it has been observed that 2D materials such as graphene, WSe,,
and SnS, can be bent, twisted, and stretched to extreme degrees,
thanks to their atomic-scale thickness and strong in-plane
bonding!1*626%] (Figure 3g). Such findings reinforce that, by har-
nessing proper design, nanomembranes can achieve mechanical
transformations that bridge the gap between traditional rigid
devices and the flexible, foldable systems sought in emerging
technologies.

2.3. Microactuation Mechanisms

To realize the fold-up of a nanomembrane into its 3D form, an
actuation mechanism is required. At the human scale, we sim-
ply use our fingers to fold paper; at the micro/nano-scale, a vari-
ety of stimuli can be employed to drive folding, including capil-
lary forces, residual stress release, mechanical buckling, stimuli-
responsive materials, magnetic/electric fields, and even direct-
write techniques like focused ion beam (FIB) stress induction.
The choice of actuation depends on the context: some devices
are intended to self-assemble (fold automatically once released
from a substrate), while others are meant to be dynamically re-
configured on demand. The major microactuation strategies are
discussed below.

One elegant method to fold nanomembranes is using the
surface tension of liquids. When a liquid droplet contacts a
thin, flexible film, the liquid’s surface tension can wrap the film
around the droplet as it minimizes the surface energy, essen-
tially performing origami without hands. This phenomenon,
known as capillary origami, was first demonstrated with elas-
tomer and polymer films, and later adapted to smaller, inorganic
membranes. For example, Gracias and coworkers showed that a
millimeter-scale hydrogel or thin metal/polymer bilayer can self-
fold into a closed polyhedral container when a solvent droplet
placed on it evaporates.[”] This concept is later adapted to the
spontaneous folding of single-crystalline silicon sheets (1.25 um
thick).[%®] Other than water droplets, melted solders can also be
used to pull the panels together in a microscale origami.l®’] Re-
cent work demonstrates similar concepts based on oil droplets
dissolving into the bulk solutions, folding a monolayer of MoS,
into a micron-scale polyhedron(®”! (Figure 4a). A key feature is
that capillary origami typically results in a single, stable folded
state once the liquid dries, which is useful for self-assembly
(though not for reversible actuation). Moreover, since capillary
forces act uniformly, they can fold multiple hinges simultane-
ously. Capillary folding is particularly attractive for parallel as-
sembly: one can pattern many flat devices on a chip and then
introduce a liquid to fold all of them together.

Another widely used mechanism is incorporating internal
stresses that cause a flat membrane to spontaneously buckle or
roll up when released from a substrate.l’?] Researchers have used
this effect to create self-rolling nanotubes and scrolls: a classic ex-
ample is evaporating metal on strained polymers, which then roll
up into tubes when freed.['!) In the context of origami, one can

© 2025 Wiley-VCH GmbH
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Figure 4. Microactuation mechanisms. a) The experimental setup and folding of shape nets (Cu panels and MoS, hinges) into a cube and a tetrahedron.
Reproduced with permission.[%] Copyright 2019, ACS. b) Illustration of VO, /Cr bilayers with compressive strain on silicon wafers before and after removal
of SiO, sacrificial layer. Focused and side view of a single microtube. Scale bar, 50 um. Reproduced with permission.I”3] Copyright 2023, AAAS. c) SEM
image of the Gr-readout SiGe/Si tubes. Inset: channel area of Gr-readout SiGe/Si microtube. Reproduced with permission.l”*] Copyright 2025, Wiley.
d) Schematic illustration of the fabrication process. Reproduced with permission.[”8] Copyright 2022, AAAS. e) Assembly of capacitors in an external
rotating magnetic field by winding the unstrained capacitor nanomembrane stack onto the magnetic rotor. (Inset) Assembled capacitors after fabrication.
Time sequence of the winding process. The bottom image shows an assembled array of capacitors. Scale bar is T mm. Reproduced with permission.['?]
Copyright 2019, Springer Nature. f) Redox reactions drive bending in an atomically thin SEA made of a platinum strip capped on one side by a titanium
film. Reproduced with permission.[®*] Copyright 2025, Springer Nature.
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program patterns of strain such that specific regions bend in spe-
cific directions. Huang et al. developed SiN, bilayers deposited
by high-frequency and low-frequency plasma-enhanced chemi-
cal vapor deposition with carefully designed residual stress mis-
match, resulting in self-rolled-up microtubes once released from
the substrate for on-chip inductors!”!! and transformers.l”? Simi-
lar stress mismatch also exists in many other bilayer material sys-
tems, such as VO, /SiO,”%] (Figure 4D), Si/Ge,!**] and SiGe/Sil”*
(Figure 4c) due to different lattice constants and/or thermal ex-
pansion rates. Some material systems may have an intrinsic
stress gradient, such as the nanocrystalline diamond nanomem-
branes deposited by chemical vapor deposition, as shown in
the work by Tian et al.’>l Further, any method that creates a
nonuniform stress distribution (e.g., thermal gradients, volume
change in a responsive layer, etc.) can result in self-folding. A
notable example is the use of a responsive bilayer: one layer ex-
pands or contracts in response to stimuli (heat, light, humidity),
bending the composite. Recently, Jiafang Li and coworkers devel-
oped nano-kirigami transformation techniques on suspended 2D
nanomembranes.?®7%] When irradiated with low-dose focused
ion beam irradiation, tensile stress is induced, resulting in up-
ward deformations in the kirigami structures. This technique is
of particular interest to optical metamaterials.

Direct mechanical manipulation remains a straightforward
way to induce folding, especially through controlled buckling. A
powerful strategy introduced by Rogers and co-workers is to use
a soft elastomer substrate to transform planar microstructures
into 3D via buckling instabilities.**! In this approach, a 2D pat-
terned nanomembrane (e.g., a lattice of islands connected by nar-
row strips) is selectively bonded to a stretched elastomer. When
the pre-strain in the elastomer is released, the differential con-
traction causes the bonded parts of the membrane to buckle out
of plane, lifting the free parts into a predetermined 3D configura-
tion. By designing the pattern of bonding sites and the geometry
of the cuts/creases, one can achieve a rich variety of pop-up 3D
shapes. This mechanically guided origami is fast (the transfor-
mation happens almost instantaneously upon release) and par-
allel (the whole wafer can buckle at once). It was used to create
arrays of 3D microstructures in materials including silicon, met-
als, and 2D semiconductors, which have found numerous appli-
cations in flexible electronics.l””] Recent advancements have also
led this technique to robotic applications, such as a microrobot
crawling on various surfaces!’®! (Figure 4d) and a microflier that
can be widely dispersed for wireless sensing.*!! These works ex-
emplify the wide applicability of this technique for the fabrication
of 3D microstructures in various forms.

By integrating magnetic materials into selected regions of a
nanomembrane, one can use external magnetic fields to induce
folding motions. Cui et al. reported a micromachine embedded
with nanomagnetic arrays, exhibiting reversible folding behavior
under the control of external magnetic fields.*?] In a magnetic
rolling origami by Gabler et al., high-aspect-ratio nanomembrane
components were embedded with ferromagnetic elements!!?]
(Figure 4e). Electric stimuli have also been employed in con-
junction with specialized materials. For example, the microscale
metasheet robots developed by Liu et al. were fabricated flat with
built-in hinges (gold/platinum bimorphs) that can be electro-
chemically actuated with electrical stimulus.[®! In this work, elec-
trical signals allow effective control of independent regions in the
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same microrobot with phase delays, inducing effective locomo-
tory gaitsl®] (Figure 4f). The thermal bimorph effect (two-layer
hinges that bend with temperature due to differential expansion)
is another common mechanism in microscale origami that can
drive folding."3

Each actuation method has its pros and cons. Capillary and
residual stress methods are excellent for parallel self-assembly
of 3D structures during fabrication. They are single-shot and re-
quire no tethers or wires, ideal for creating a 3D structure that
will remain in place. However, they offer less control once the
structure is formed (not easily reversible or tunable). Mechanical
and stimuli-responsive actuation (including magnetic, electric,
and thermal actuation), on the other hand, can be reversible and
even continuous, enabling reconfigurable devices (e.g., a robot
that folds and unfolds repeatedly, or a metamaterial that changes
state under different stimuli). The trade-off is that these often
need external input (magnetic fields, electrodes, lasers) and spe-
cial stimuli-responsive materials. Another challenge is precision:
achieving a desired final fold angle or alignment can be tricky, es-
pecially if multiple hinges must coordinate.

In summary, a rich toolbox of micro/nano actuation mecha-
nisms now exists for origami and kirigami systems. From pas-
sive self-folding driven by capillarity or residual stress, to active
shape-morphing using environmental stimuli or on-board actua-
tors, these approaches enable the stunning transformations from
flat films to intricate 3D microstructures. As actuation techniques
improve in precision and integration, we can expect increasingly
complex and functional 3D micro-architectures to emerge, mov-
ing the field closer to the vision of microsystems that can alter
their form and function on demand.

3. Fabrication Methods

3.1. Patterning the Creases and Cuts

Realizing origami and kirigami designs on nanomembranes be-
gins with high-precision patterning of the 2D membrane to de-
fine the locations of folds (creases) and cuts. The fabrication typi-
cally leverages planar microfabrication techniques adapted from
the semiconductor industry, starting with a thin film material on
a substrate. A common approach is to use photolithography or
electron-beam lithography to pattern resist lines where cuts or
grooves are needed, followed by etching of the nanomembrane.
In the case of kirigami, through-thickness cuts are made to fully
release certain edges or create apertures. In the case of origami-
style creases, one can do a partial etch to thin the membrane
along a line, or deposit a different material along the would-be
crease to act as a hinge. For example, one might etch narrow
trenches halfway through a silicon membrane to create “flexural
hinges” that bend easily, while leaving the rest thick to be rigid
panels!®] (Figure 5a). Alternatively, a focused ion beam can di-
rectly write crease lines by implanting Ga* ions, which locally
plasticize or weaken the material, effectively creating a hinge that
will preferentially bend there during folding.”! FIB patterning
has been used to realize some of the smallest origami structures,
including nanoscale cubic boxes and mechanisms, by “draw-
ing” the crease pattern on a suspended nanomembrane, which
then folds upon releasel?”! (Figure 5b). However, FIB is slow
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Figure 5. Patterning the creases and cuts. a) Schematic illustration of steps for fabricating 3D origami structures in polymer (SU8) and experimental and
computational studies of various origami structures. Reproduced with permission.[?>] Copyright 2016, Wiley. b) A toroidal molecule folded by ion beam
and SEM images of toroidal metamaterial array in 52° tilted view. Reproduced with permission.[?’] Copyright 2017, Wiley. c) Flow chart of the fabrication
process on an Au/SiO, /Si chip and top-view SEM images of deformed 3D pinwheels. Adapted with permission.[?8] Copyright 2021, Springer Nature.
d) Schematic of fabrication of an active kirigami metasheet and corresponding proof-of-concept experiments fabricated trilayer kirigami composite
sheets. Reproduced with permission.[>"] Copyright 2019, National Academy of Sciences. e) An optical microscopy image of a metabot with 96 panels
and a metabot sheet capable of adopting a variety of shapes on the basis of which unit cells are electrically activated. Reproduced with permission.[6%]
Copyright 2025, Springer Nature.

for large areas, so lithographic patterning is preferred for batch
fabrication.

For kirigami patterns involving complex cuts, etching (using
reactive-ion etching or wet etchants) after optical lithography or
e-beam lithography provides both precision and parallelism!?37°]
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(Figure 5c). One noteworthy example is the fabrication of a
graphene kirigami spring: an e-beam defined a series of slits
in a graphene sheet on a substrate, and after etching and re-
lease, the graphene could be stretched like a spring without
breaking.'¥ The minimum feature size (slit width, hinge width)
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depends on the resolution of the lithography and the thickness
of the membrane—thinner membranes can accommodate nar-
rower hinges without snapping. One must also carefully de-
sign joining points in kirigami patterns. If the goal is a con-
tiguous structure that folds up, the cuts should not completely
sever the membrane into disjoint pieces. Carefully designed
hinges based on the origami concept are implemented for mi-
croscale kirigami devices®®! in order to avoid such breaks
(Figure 5d,e).

To summarize, the patterning step uses microfabrication tech-
niques to turn a continuous thin-film material into a patterned
membrane with the desired origami/kirigami design. Key tech-
niques include lithographic etching for cuts and selective thin-
ning, FIB milling for fine or post-fabrication patterning, and de-
position of hinge materials. The outcome of this step is a flat, pat-
terned nanomembrane (usually still adhered to its original sub-
strate) that contains all the cuts, crease lines, and hinge features
required for the 3D shape.

3.2. Detachment and Transfer

Once the membrane is patterned, the next crucial step is to de-
tach it from the substrate so that it becomes free to move and
fold. Nanomembranes are often fabricated on a substrate (like
silicon or glass) for convenience and support during patterning.
To deploy the origami/kirigami, the patterned membrane must
be released. There are a few common approaches:

Surface micromachining with sacrificial layers is a classic
method that borrows from Micro-Electro Mechanical Systems
(MEMS) processing. The nanomembrane is deposited on top of
a sacrificial layer (such as a polymer or oxide) that can be re-
moved selectively. For example, in semiconductor processes, one
might use a silicon-on-insulator (SOI) wafer where the top silicon
layer (which becomes the nanomembrane) is separated from the
bulk silicon by a buried oxide layer. After patterning the top sili-
con, an etchant (like HF) is used to dissolve the oxide, thus free-
ing the silicon nanomembrane/®®! (Figure 6a). Similarly, metal
or polymer films can be released by etching away an underly-
ing buffer layer (e.g., dissolving a thin polymer underlayer®!), as
shown in Figure 5b. The freed 2D membrane can then be folded
by the mechanisms discussed. This approach has been used in
self-folding origami devices, such as microgrippers fabricated
on a soluble polyvinyl alcohol (PVA) layer released in water! 2982
(Figure 6¢). Also, many devices adopt aluminum as the sacrifi-
cial layer underneath,!®#3 which can be readily removed by an
aluminum etchant compatible with microfabrication processes.
One must take care that the release etch does not damage the
thin structure. Very often, critical point drying or controlled dry-
ing techniques are used to avoid stiction (unwanted sticking of
the membrane to the substrate due to capillary forces during
drying). For this purpose, dry etching of the sacrificial layers by
gas etchant receives increasing attention, such as using XeF, to
etch away germanium!”!! or silicon layers(*%! (Figure 6d). In more
complex assemblies, multiple sacrificial layers can allow stepwise
release of different parts. Recent advancements demonstrate the
release of nanomembranes without using any sacrificial layers,
taking advantage of the intercalation of tiny droplet.”®#*] This
method offers a simple and versatile approach for the release of
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origami and kirigami devices made by various materials on dif-
ferent substrates.

Pioneered by John Rogers’ group, transfer printing techniques
have become a staple for assembling 3D origami and kirigami
microstructures(®! (Figure 6e). In this approach, the 2D pattern
is first fabricated on a native wafer, but then picked up by an elas-
tomeric stamp (like PDMS) and transferred to a target substrate.
For origami/kirigami, one might fabricate the pattern on a sili-
con wafer with a surface treatment that allows it to peel off (for
example, a low-adhesion surface or a UV-curable release layer).
A PDMS stamp is pressed onto the wafer, and when retracted, it
lifts the thin membrane pattern off, which can then be “printed”
onto a target substrate. It is worth noting that this transfer pro-
cess requires proper tuning of the adhesion forces at the inter-
faces. For a proper transfer, the adhesion between the stamp
and the nanomembrane should be larger than that between the
source substrate and the nanomembrane, but smaller than that
between the target substrate and the nanomembrane.[®] This
process has been further adapted to the transfer and release
of microscopic origami robots.**! A photoresist layer was spin-
coated first on top of the robots, which adheres to the PDMS, al-
lowing the robot to be peeled off together with the stamp. When
placing the PDMS stamps into solutions and etching away the re-
sists, the robots were then released and ready for further origami
transformation.?%! These types of transfer printing techniques
are mainly suitable for nanomembranes or devices in planar
forms, since 3D microstructures may be crushed by the mechan-
ical pressing using a stamp. To address this, Yan et al. developed
a transfer technique for 3D microstructures using wax stamps!®°!
(Figure 6f). Melted wax can encapsulate the 3D microstructures
for transfer printing, which can then be dissolved by toluene at
70 °C. With this technique, a 3D microstructure can be safely
transfer printed without altering its geometry.

In summary, the detachment and transfer stage transitions the
nanomembrane from the fabrication environment to the assem-
bly environment. It leverages MEMS release techniques (sacri-
ficial layers, etching) and innovative printing methods to pre-
serve the integrity of delicate patterns. Successful release yields a
freeform 2D sheet that’s ready to be folded.

4. Device Applications

4.1. Optoelectronics Devices

Optoelectronic devices that source, detect, or manipulate light
can greatly benefit from 3D structural formats. By moving from a
flat device architecture to a folded or curved one, one can achieve
wider fields of view, multi-angle functionality, improved light
trapping, and tunable optical responses. Researchers have ex-
ploited origami and kirigami designs to create innovative opto-
electronic systems such as flexible 3D displays, folded photode-
tector arrays, and tunable optical metasurfaces.

One of the early successes of micro-origami in optoelectron-
ics was in creating stretchable and deformable displays. Rogers
and colleagues pioneered a stretchable inorganic Light Emitting
Diode (LED) matrix that could wrap around curved surfaces!®7:88!
(Figure 7a). The device wasn’t explicitly described as origami,
but it used mesh layouts (akin to kirigami cuts) to allow bend-
ing. Building on that, recent work has demonstrated fully 3D
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Figure 6. Detachment and transfer. a) Schematic illustration of the transfer process to achieve stretchable PI/Si bilayer nanomeshes. Reproduced with
permission.[3%] Copyright 2019, Springer Nature. b) Schematic diagram illustrating the roll-up process of a nanomembrane into a tube on photoresist;
optical images of rolled-up nanomembranes made out of different materials. Adapted with permission.[1] Copyright 2008, Wiley. c) Schematic diagram
of the trilayer hinge joint between two Au-coated Ni phalanges. Optical microscopy image of a microgripper in water. Reproduced with permission.[?°]
Copyright 2008, ACS. d) Schematic of the fabrication process (Methods) and optical images of robot designs before and after release. Reproduced with
permission.3%] Copyright 2020, Springer Nature. e) Additive transfer exploits a stamp that is “inked” with a material of interest, using processes such
as physical vapor deposition, solution casting/assembly, or physical transfer. Large-scale collection of structures (~1600 in a square array with pitch of
1.4 mm) printed onto a thin, flexible sheet of plastic. Reproduced with permission.[®] Copyright 2012, Springer Nature. f) Schematic illustration of the
method for a representative case of a multilayer, nested cage structure and optical micrographs, SEM images, and FEA results (insets on the right top)
of a trilayer nested cage of silicon on a different substrate. Scale bar, 500 um. Reproduced with permission.[®] Copyright 2017, National Academy of
Sciences.

Adv. Mater. 2025, ¢10883 e10883 (11 of 22) © 2025 Wiley-VCH GmbH

BSUS017 SUOWILLOD BAIERID 3|l jdde ay) Ag pausenob afe Sapie YO ‘38N JO S3JNJ J0J Aiq1 3U1|UO AB]1A UO (SUONIPUOD-PUE-SULBIALOD" A3 | 1M ARe.gl1BUIIUO//SANY) SUONIPUOD PU. SLUIS L a1 39S *[9202/T0/6e] Uo AidiTauliuo A8|IM ‘AisBAIUN tepnd A £8B0TSZOZ BWPe/Z00T OT/I0P/W0d A3 1M Afe.q 1 BU1 U0 PROLRADE// S WO.) PaPeO|uMOd ‘0 ‘60 TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SORNCF NS OALTERIALS

www.advancedsciencenews.com www.advmat.de

Light
emission (blue)

Light emission (blue) 5 mm

Scan line

Si; (Ge,

Rolling direction |

i

v
NS _\\‘ 3Diubular QW1P

AlAs

3D-tubular-QWIP

)
o
°
®
o
=
1=
]
(2]

GaAs Substrate

j 100
80 78.4% { a71%
R 60 ¢ 'as.ax
3 | /1 bosx
= L Graphene rolls
fold 2071 ¥ ieex
0
(‘) ' O‘.l ' 012 ' 0‘.3 ' 0.4
H-factor
Adv. Mater. 2025, ¢10883 €10883 (12 of 22) © 2025 Wiley-VCH GmbH

BSUS017 SUOWILLOD BAIERID 3|l jdde ay) Ag pausenob afe Sapie YO ‘38N JO S3JNJ J0J Aiq1 3U1|UO AB]1A UO (SUONIPUOD-PUE-SULBIALOD" A3 | 1M ARe.gl1BUIIUO//SANY) SUONIPUOD PU. SLUIS L a1 39S *[9202/T0/6e] Uo AidiTauliuo A8|IM ‘AisBAIUN tepnd A £8B0TSZOZ BWPe/Z00T OT/I0P/W0d A3 1M Afe.q 1 BU1 U0 PROLRADE// S WO.) PaPeO|uMOd ‘0 ‘60 TZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

foldable displays using mechanical assembly. Kim et al. pro-
duce Quantum Dot Light Emitting Diode (QLED) that reversibly
transform into complex three-dimensional architectures with an
ultra-small bending radius of 0.047 mm, culminating in a fold-
able passive-matrix array capable of alphanumeric display and
offering a scalable pathway to next-generation deformable dis-
play technologies®! (Figure 7b). Hu et al. realize a mechani-
cally robust, full-color flexible display that surpasses conventional
color-filter gamuts, conforms to curved or epidermal substrates,
and functions as a visible-light transmitter.*®! Su et al. intro-
duced a multimodal 3D-printing strategy that suppresses film
non-uniformity and mechanically reconfigures viscoelastic cath-
ode droplets to enlarge polymer—metal junctions, culminating in
the first fully 3D-printed, flexible 8 X 8 Organic Light-Emitting
Diode (OLED) display with every pixel operating successfully!!l
(Figure 7c). In these works, the LEDs are interconnected with
flexible hinges, so that the whole assembly can deform. The im-
plications are significant for wearable and curved displays, where
conformability and durability are of great importance.

On the sensing side, folding light sensors into 3D configura-
tions allows capturing richer information. A striking example is
the “fly’s eye” imaging system that uses a domed array of pho-
todetectors to capture wide-angle images without aberrations, in-
spired by insect compound eyes!?®! (Figure 7d). Ko et al. built
such a device by electrically connecting tiny photodiode pixels
on a stretchable membrane and then inflating it into a hemi-
spherical shape according to origami-like deployment.[?¢) More
directly, a 3D origami photodetector system was demonstrated
in which photodiodes on different facets could measure the inci-
dent light’s direction. Lee et al. demonstrated arrays of 2D mate-
rial photodetectors integrated on a prestrained nanomembrane
that, when released, buckled into hemispherical and prismatic
shapes!®?! (Figure 7e). These 3D photodetector architectures can
detect not only light intensity but also the angle of incidence,
since different facets of the curved array receive light from differ-
ent directions.®?] Such functionality is highly desirable for artifi-
cial vision systems and motion tracking. Thus, origami/kirigami
approaches can significantly improve optoelectronic device effi-
ciency and coverage by utilizing 3D folded shapes.

Microtubular structures based on self-rolled-up techniques
also demonstrate enhanced optoelectronic properties due to
their unique advantages in light confinement.l”*>*l For exam-
ple, Wang et al. used a residual-stress-driven self-folding to cre-
ate tubular quantum well infrared photodetectors (QWIPs)(*>!

www.advmat.de

(Figure 7f). These were essentially flat photodetector arrays that
rolled up into cylindrical 3D cavities, enhancing absorption via
multiple passes of light. The tubular QWIPs showed broad-
band enhanced responsivity and could detect infrared light from
a +70° field of view (nearly hemispherical coverage), far ex-
ceeding a flat detector’s view. The 3D geometry was key to
this performance-light entering the tube would strike the de-
tector multiple times. Recently, by self-rolling VO, nanomem-
branes into a freestanding tubular geometry, Wu et al. delivered
a one-step-fabricated bolometer that simultaneously boosts ther-
mal insulation, broadband infrared absorbance, and temperature
sensitivity.”?] Zhang et al. integrated a graphene readout layer
with a silicon-based microtube architecture, realizing an omnidi-
rectional photodetector that traps incident light, enhances polar-
ization sensitivity, and achieves an ultrafast 75 ns response with
an exceptional responsivityl’#! (Figure 7g). Employed as a visible-
light-communication receiver, the device attains 778 Mb s™! over
a 140° field of view while enabling polarization-encrypted links,
holding promises towards high-performance, secure Internet-of-
Things (IoT) optical networks.!”*!

2D materials in 3D configurations also open optoelectronic
possibilities. In Li et al.’s seminal work, a periodic wrinkle pat-
tern in a MoS, monolayer is created, which generated an array
of quantum dot-like regions with altered bandgap, thus form-
ing a new optoelectronic crystal lattice.®! This strain-induced
patterning led to emergent photoluminescence properties not
found in flat MoS,, showcasing how out-of-plane deformation of
a nanomembrane can tailor its optoelectronic behavior.*®! Sim-
ilarly, folding graphene can open a bandgap or create localized
states; researchers have used Atomic Force Microscopy (AFM)
tips to fold graphene into nano-origami shapes that exhibit engi-
neered electronic properties at the folds!”! (Figure 7h). A univer-
sal wax-assisted immersion strategy has been recently developed
to roll graphene into left- or right-handed tubes, demonstrat-
ing tunable optical activities and chiro-electronic properties.?!
The resulting chiral rolls display room-temperature chirality-
induced spin selectivity with >90 % spin polarization, and pro-
vide a scalable platform for advanced optoelectronic and spin-
tronic technologies!®?! (Figure 7i).

In summary, origami and kirigami bring substantial benefits
to optoelectronics by enabling 3D device layouts and geometry-
induced material properties. The ability to wrap sensors around
a sphere, funnel light into curved surfaces, or dynamically tune
optoelectronic properties by folding gives designers new degrees

Figure 7. Optoelectronics devices. a) Optical image of a 6x6 array of p-Inorganic Light-Emitting Diodes (ILEDs) (100 pm x 100 um, and 2.5 um thick, in
an interconnected array with a pitch of ~830 um) with non-coplanar serpentine bridges on a thin (~400 pm) PDMS substrate (left-hand frame). Optical
image of an array of u-ILEDs (8 x 8) on a piece of paper and Al foil. Reproduced with permission.[] Copyright 2010, Springer Nature. b) Photographs
of the fabricated QLEDs using the airplane pattern. Reproduced with permission.[89] Copyright 2021, Springer Nature. c) Images of a completed OLED
display, the light emission of which was viewed from the backside, and a schematic circuit and driving mechanism of the OLED display. Image of the
word “HELLO” while the text scrolled on the 8 x 8 OLED display. Reproduced with permission.[>!] Copyright 2022, AAAS. d) Photograph of a completed
camera mounted on a printed circuit board as an interface to external control electronics, and an Image of a representative system after hemispherical
deformation. Adapted with permission.[2®] Copyright 2013, Springer Nature. e) Colorized SEM image of MoS, photodetectors consisting of MoS,
(green), graphene (light gray), and SU-8 (gray) on the hemisphere with 3D interconnects. Magnified view of the SEM image in (b) and corresponding
FEA results for the strain distribution. Adapted with permission.[®2] Copyright 2018, Springer Nature. f) Schematic diagram of a 3D tubular QWIP device
and Optical image of a complete 3D tubular QWIP. Adapted with permission.[®>] Copyright 2016, AAAS. g) Schematic diagram of Gr-readout SiGe/Si
microtube photodetector and TEM image of rolled-up Gr/SiGe/Si microtube. Adapted with permission.[74] Copyright 2025, Wiley. h) The series of STM
images shows a sequence of the folding and unfolding of a GNI along the direction indicated by the white arrows. HOPG, highly ordered pyrolytic
graphite. Reproduced with permission.l?7] Copyright 2019, AAAS. i) Dependence of the spin polarization, P, on the H-factor of the rolls. Reproduced
with permission.[®2] Copyright 2025, Springer Nature.
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of freedom. As fabrication and integration improve, one can en-
vision high-resolution foldable camera sensors (providing eagle-
eye vision in a compact package), shape-shifting optical com-
munications devices (that adjust their beam profiles), and even
origami-inspired light modulators for VR/AR displays that con-
form to curved form factors. The convergence of 2D materials
with origami techniques appears particularly fruitful, since many
2D materials are optoelectronically active and benefit from the
strain and geometry control that folding affords.

4.2. Transformable Microrobots

One of the most exciting frontiers for origami/kirigami
nanomembranes is in the creation of microrobots-tiny robots
on the scale of millimeters or smaller—that can change shape
and perform tasks in confined or dynamic environments. Tra-
ditional MEMS devices are mostly planar and have limited de-
grees of freedom, but by applying origami design, researchers are
building microrobots that fold themselves into different 3D con-
figurations to achieve complex motions like crawling, gripping,
or swimming. These transformable microrobots take inspiration
from origami, not just in structure but also in function: a single
design can be reconfigured to execute multiple actions.

A pioneering example is the self-folding microgrippers for
minimally invasive surgery.[*®! Gracias and colleagues developed
star-shaped polymer/metal bilayer devices (a few hundred pm
across) that, when exposed to a stimulus (such as warmth at body
temperature!*®! or a chemical signal),?®! fold their “fingers” into
a closed fist. These microgrippers begin as flat star-like patterns
with hinged joints between each finger. Upon trigger, the hinges
bend (e.g., through swelling or thermal expansion mismatch),
causing the fingers to curl inward and grasp single cells!'®! or
a tissuel'%' (Figure 8a). After performing the biopsy®>1%%] or de-
livering a drug,['?) the grippers can even dissolvel'®! (if made
of bioresorbable materials) or be retrieved magnetically. This
concept shows how origami-based designs yield practical mi-
crorobots that can autonomously change shape to interact with
their environment, in this case, grabbing cells or biological sam-
ples. As fabrication techniques advanced, researchers took ad-
vantage of the 3D direct laser writing technique and fabricated
microgrippers with programmable elasticity and magnetization
profiles.[1% Consequently, these microgrippers are not only good
at grasping and propelling single cells, but also capable of detect-
ing forces as small as 0.5 pN['%] (Figure 8b). This work represents
a versatile platform for bio-compatible microrobotics and preci-
sion single-cell manipulation.

Beyond grippers, significant progress has been made in de-
veloping origami- and kirigami-inspired swimming or crawling
microrobots that use folding as a mode of movement. These
advancements have been driven by the integration of flexible
mechanical designs with actuation mechanisms (such as mag-
netic and electrochemical actuation), which enable precise con-
trol at microscopic scales. Early work demonstrated the abil-
ity to create helical-shaped microswimmers, which could swim
in liquid environments using controlled magnetic fields.!'%!
This foundational concept of using external stimuli for propul-
sion paved the way for more sophisticated micromachines ca-
pable of shape morphing and complex reconfigurations. Cui
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et al. utilized single-domain nanomagnets to encode shape-
morphing instructions into micromachines, enabling them to
switch between various deformations!®?! (Figure 8c). This ap-
proach allowed for precise control over the microrobots’ trans-
formations, making them capable of performing complex be-
haviors like “fapping” and “hovering”.l*?] In Figure 8d-i Miskin
et al. demonstrated microrobots that are integrated with cir-
cuits including silicon p—n junctions and metal interconnect
that can respond to low-voltage electronic control signals for
precise motion control.2% This work demonstrated the use of
surface electrochemical actuators, which can be fabricated by
standard semiconductor processing, so that the microrobots
can be mass-manufactured at low cost. Based on similar ac-
tuators, Figure 8d-ii, Wang et al. further built electrically actu-
ated artificial cilia to manipulate fluid flows with high preci-
sion at the microscale.®3] This research highlights the poten-
tial of cilia-inspired designs for microfluidic control and mi-
crorobotic applications, where localized actuation can enable
complex tasks such as fluid pumping and manipulation. Fur-
ther, Liu et al. introduced a new class of microscale robots with
kirigami-inspired structures that enable rapid, complex shape
deformations through independently actuated regions.[®*] These
robots can achieve sophisticated reconfigurations, making them
highly versatile for applications requiring adaptive and multi-
functional behavior. Smart et al. developed a new platform for
microscopic robots capable of manipulating light using diffrac-
tive optics, offering new opportunities for imaging at the diffrac-
tion limit.'%! By combining nanomagnets with flexible mechan-
ical elements, these robots have expanded the scope of their
applications, particularly in fields like high-resolution imaging
and force sensing,'%! beyond traditional biomedical engineering
(Figure 8e).

Another exciting area is origami and kirigami-inspired mi-
crofliers that have shown significant advancement. Early stud-
ies, such as the work by Kim et al., utilized wind-dispersed seed
designs, specifically those inspired by the Tristellateia species,
to create 3D microfliers(®!] (Figure 8f). These designs employed
precise geometric transformations, where 2D precursors were
mechanically buckled into their desired 3D configurations us-
ing controlled release techniques, enabling passive flight across
large distances without power sources. This breakthrough high-
lighted the potential of using natural dispersal mechanisms in
microfliers for environmental monitoring and other applications
requiring wide-area coverage. Further progress was made in
fabricating light-driven microfliers inspired by dandelion seeds.
In a study by Chen et al.,, an ultralight, bimorph soft actua-
tor was used to create a dandelion-inspired microflier capable
of light-driven mid-air flight.[1%! The design included a tubu-
lar actuator structure with a “pappus”, which opened in re-
sponse to light, altering its aerodynamic properties and allowing
for controlled falling velocities.['”] This approach, which lever-
aged external light sources to control the microflier’s motion,
provided significant improvements in flight time and control-
lability compared to earlier designs. Building on these innova-
tions, Yoon et al. introduced biodegradable 3D colorimetric mi-
crofliers that could monitor environmental parameters such as
pH and heavy metals, offering a sustainable and effective so-
lution for environmental monitoring in hard-to-reach areas.['%!
Additionally, the work by Yang et al. further explored the
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Figure 8. Transformable microrobots. a) Illustration of untethered single cell grippers and red blood cell capture, and red blood cells captured by
the grippers. Scale bars are 10 um. Adapted with permission.l'%! Copyright 2014, ACS. b) Picosprings perform specific functions in customized soft
micromachines with different configurations and corresponding experimental results. Adapted with permission.l'% Copyright 2024, Springer Nature. c)
The optical microscope images of the microscale “bird” actuation by alternating magnetic field. Scale bars are 30 um. Reproduced with permission.[?]
Copyright 2019, Springer Nature. d) i) Montage of a real robot walking across a surface. Each frame is about 8 s apart. Reproduced with permission.[*°]
Copyright 2020, Springer Nature. ii) Non-reciprocal motion of one 50-um-long cilium driven at 40 Hz. Magnified trajectories of the tip are shown at
the top right. T is the period of the actuation cycle. The yellow cross symbols indicate the positions of the cilium tip at times t = 0, t=T/4, t=T/2,
and t=3T/4, corresponding to different moments in the stroke cycle. Scale bars are 50 um. Reproduced with permission.[33] Copyright 2022, Springer
Nature. €) Final magnetic dipole orientations. Diffraction images and (insets) real-space images of the metamaterial at 0 and 6 mT. Scale bars are 20 um.
Reproduced with permission.['%] Copyright 2024, AAAS. f) Schematic diagram of a rotating 3D flier and optical images of the 2D structure and the 3D
mesoflier at various times during free fall. Reproduced with permission.[31] Copyright 2021, Springer Nature. g) The concept of vertically deformable
kirigami electronics (KiriE) and the photographs show a spiral KiriE-hCO assembly. The zoomed-in photograph shows a spherical hCO on a spiral KiriE
at day 120 of differentiation. Reproduced with permission.["""] Copyright 2024, Springer Nature.
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application of light-responsive materials in creating robust
and programmable microfliers, emphasizing the potential for
adaptive control through programmable shape-deformation.[*”]
These developments demonstrate a trend towards increas-
ingly sophisticated, energy-efficient, and adaptable microflier de-
signs, driven by bioinspired structures. The integration of light-
responsive materials and precise aerodynamic design is trans-
forming the landscape of untethered, autonomous microfliers,
opening up possibilities for a range of applications, from envi-
ronmental sensing to advanced communications.

Beyond microfliers, origami/kirigami neural interfaces are
rapidly maturing to address three persistent constraints: me-
chanical mismatch, minimally invasive access, and true 3D cov-
erage. Early kirigami-inspired intracortical probes introduced slit
patterns into polyimide backbones to drop the effective mod-
ulus from Gigapascal to Kilopascal levels, accommodate brain
micromotion, and retain implantability, foreshadowing stretch-
able, conformal recordings.''! Building on this foundation,
“kirigami electronics” form basket-like 3D meshes that inte-
grate with human cortical organoids in suspension and en-
able chronic electrophysiology for up to 120 days while preserv-
ing morphology, with compatibility for optogenetic and phar-
macological modulation!™ (Figure 8g). In parallel, origami-
inspired soft-fluidic actuation allows large-area electrocorticog-
raphy grids to be folded for implantation and then expanded
in situ to achieve centimetre-scale cortical coverage, validated
in vitro and in porcine models."'?] Recent foldable thin-film
opto-electro arrays further combine p-LED neuromodulation
with penetrating microelectrodes; an origami “bridge + trench”
hinge converts a 2D precursor into a 3D array while provid-
ing insertion support and reducing fabrication complexity.'*]
Finally, scalable 3D kirigami microelectrode arrays now de-
liver up to 512 electrodes across 128 shanks via matched-
die forming and thermoforming, enabling in-vitro and in-vivo
recordings with improved tissue integration and dense spatial
sampling.[114]

In summary, the integration of origami and kirigami princi-
ples into microrobot design is evolving rapidly, with significant
strides in fabrication techniques, actuation methods, and recon-
figurable structures. These innovations are not only enhancing
the functionality of microrobots but are also laying the founda-
tion for future autonomous systems capable of performing com-
plex tasks at the microscopic scale.

4.3. Reconfigurable Metamaterials

Metamaterials are engineered structures designed to achieve
properties not found in natural materials, often through the ar-
rangement of repeating unit cells rather than the composition of
the base material. Origami and kirigami offer a powerful route
to reconfigurable metamaterials-materials whose properties can
Dbe tuned or switched by folding transformations. In mechanical
metamaterials, for instance, an origami pattern can endow a ma-
terial with a tunable Poisson’s ratio, stiffness, or shock absorption
characteristics that change with fold angles. In electromagnetic
metamaterials, folding can alter the relative positioning of reso-
nant elements (split-ring resonators, dipoles, etc.), thereby shift-
ing frequencies or polarization responses.
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Early work in 2015 established the mechanical versatility of
microscale origami units themselves. Silverberg et al. showed
that a micro-origami device in square-twist forms becomes me-
chanically bistable once hidden facet-bending modes are en-
gaged, yielding a switchable unit cell for architected lattices!!3!
(Figure 9a). In the same year, Blees et al. translated kirigami con-
cepts to monolayer graphene, demonstrating >240% stretchabil-
ity via cut rotation and flip while retaining electrical function.l'*]
Building on these insights, Lin et al. miniaturized Miura-Ori
“zipper” tubes with two-photon lithography to realize the first
fully 3-D microscale origami metamaterial; the lattice presents
programmable stiffness anisotropy, reversible auxeticity (sign-
switching Poisson’s ratio), and multistability, recovering >90%
strain after compression!!!’! (Figure 9b). Subsequent studies em-
bedded active actuation and locking. Tian et al. introduced a
Gaussian-preserved folding strategy in VO, /Cr bilayers that de-
livers microsecond snap-through and non-volatile shape lock-
ing, allowing metamaterials to hold discrete mechanical states
without continuous stimulus(!'®! (Figure 9c). Zhang et al. cou-
pled kirigami microframes with liquid-crystal-elastomer “artifi-
cial muscles”, achieving fully reversible, wireless thermal actu-
ation and >50% in-plane reconfiguration in precisely printed
micro-metastructures.!''”] Most recently, Shi et al. exploited an I-
shaped cutting motif in graphene to realize bidirectional stretch-
ability (yield and fracture strains enhanced six- and ten-fold) and
tunable negative Poisson’s ratios, illustrating how geometric hier-
archies can tailor the stress—strain envelope at the atomically thin
limit.['!8] These studies highlight a clear trajectory from passive
bistable cells to actively reconfigurable, highly stretchable, and
auxetic microscale origami/kirigami mechanical metamaterials.

Extending from mechanical to photonic regimes,
kirigami/origami architectures also enable dynamic tun-
ability in electromagnetic metasurfaces. For phase control,
in-plane rotation of anisotropic scatterers imparts a geometric
(Pancharatnam-Berry) phase, while out-of-plane displacement
modifies the optical path to tune the propagation phase.[119120]
For amplitude, MEMS-actuated nano-kirigami can reversibly
enhance or suppress reflectance/diffraction orders to yield
high-contrast intensity modulation.?®! For polarization, 3D
chiral deformations break mirror symmetry and induce circular
dichroism and birefringence, enabling handedness-selective
conversion and polarization-multiplexed functions.[?212!] Com-
pared with phase-change materials and liquid-crystal/elastomer
platforms, folding provides a geometry-driven route that is
intrinsically broadband and low-loss on the photonic side, while
trading off actuation speed and packaging/integration complex-
ity. With these mechanism-level distinctions clarified, we next
survey representative implementations to illustrate how folding
is exploited in practice.

One of the early explorations in this field is Tao et al’s
work terahertz array in 2009, where split-ring resonators (SRRs)
were lithographically attached to thermo-bimetal cantilevers;
heating bent the SRRs out of plane, switching their mag-
netic and electric channels, and proving that mechanical fold-
ing could reconfigure a bulk electro-magnetic (EM) response in
real timel'??] (Figure 9d). Nearly a decade later, Liu et al. intro-
duced one-step “nano-kirigami” on suspended gold films: ion-
beam cuts and stress-guided buckling twisted each unit into a
pin-wheel, amplifying intrinsic optical chirality by two orders
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Figure 9. Reconfigurable metamaterials. a) The square-twist folding pattern is shown with the edges in black, mountain creases in red, and valley
creases in blue. Photographs of a square twist with ¢ = 45° illustrate out-of-plane deformations, and the stars define x when the square twist is unfolded
and folded. Reproduced with permission.["3] Copyright 2015, Springer Nature. b) Initial axial stiffness of the fabricated Configuration A metamaterial
along Cartesian directions. Reproduced with permission.l"'>! Copyright 2020, Wiley. c) Anti-symmetric bending and actuation speed, orange dashed
line, and relative curvature change of membrane-based actuators in the literature. Adapted with permission.['1¢] Copyright 2021, Springer Nature. d)
SEM pictures showing the bending of the SRRs following KOH release (first picture) and rapid thermal annealing (RTA) at 400 and 450 °C. Magnetic
Response (left) and electric Response (right): Transmission as a function of frequency for various orientations of the SRRs. Scale bars are 50 um. Adapted
with permission.[22] Copyright 2009, American Physical Society. ) SEM images of 3D pinwheel array and left-handed (LH) and right-handed (RH) 3D
pinwheel arrays. Scale bars, T um. Measured CD in transmission versus wavelength for 2D LH, 3D LH, and 3D RH pinwheels, respectively. Adapted with

permission.l?2] Copyright 2018, AAAS.

of magnitude and establishing nanoscale 3-D shaping as a
route to strong circular-polarization selectivity!??! (Figure 9e).
Building on similar concepts, Liu et al. reported a metasurface
kirigami-raised blades whose controllable height tuned Fano res-
onances; the result was record-high, reversible circular dichro-
ism per thickness under simple mechanical compression./'?!]
Chen et al. then integrated the architecture with reconfigura-
bility: electrostatic attraction folded sub-micron pinwheels, de-
livering pixel-level phase modulation across the visible-NIR
spectrum.”®] Most recently, Hong et al. freed nano-kirigami
propellers from the substrate and steered them with optoelec-
tronic tweezers; their 10 pm rotors act as reconfigurable, mo-
bile meta-elements.l”®! Liang et al. demonstrated a Comple-
mentary Metal Oxide Semiconductor (CMOS)-compatible sili-
con nano-kirigami platform on SOI with programmable plastic,
fast-recovering elastic, and hysteretic modes; it enables repeat-
able electromechanical optical modulation and dynamic optical-
information encryption, and the dielectric silicon base reduces
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Ohmic-loss limits relative to plasmonic metals.['*] Collectively,
these milestones, including both substrate-integrated and fully
untethered nano-kirigami represent adaptive electromagnetic
metamaterials with tunable polarization, phase, and amplitude
degrees of freedom. Such controllability is critical for applica-
tions like tunable filters, modulators, or beam steering devices in
photonics.

In conclusion, origami and kirigami approaches are propelling
metamaterials into a new realm of dynamic, reconfigurable per-
formance. The ability to sculpt and rearrange matter at the micro-
scale via folding is leading to materials whose properties can be
programmed post-fabrication. This may lead to devices that are
not only multifunctional but also intelligent—potentially form-
ing the basis of active metamaterials that sense stimuli and re-
configure autonomously, like a smart skin that can change its
stiffness, optical reflectance, or acoustic damping in response to
the environment. Origami/kirigami provides the design and fab-
rication toolkit to build these future materials.
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Figure 10. Advantages, challenges, and possible solutions for the future development of origami and kirigami on nanomembranes.

5. Conclusions and Perspectives

Origami and kirigami on nanomembranes have evolved from
an intriguing idea to a versatile platform for building 3D mi-
cro/nanosystems. This review has outlined how ancient paper-
folding art is translated into modern engineering: from design
theory through fabrication to a broad range of applications. We
first highlight how atomic-to-micron-thick films unlock extreme
bendability while preserving the mechanical and functional in-
tegrity of advanced materials such as single-crystal Si, 2D semi-
conductors, and functional polymers. The core design rules are
discussed, including the design of the crease and cut patterns that
translate to tunable mechanical properties (e.g., stretchability,
auxeticity, multistability, etc.) and mechanics of the nanomem-
brane. We then surveyed a versatile toolbox of actuation and fab-
rication strategies, ranging from capillary and residual-stress self-
folding to magneto-electro-thermal reconfiguration, all of which
leverage established planar lithography before inducing out-of-
plane transformation. Three types of device applications are dis-
cussed. In optoelectronics, folded nanomembranes provide om-
nidirectional photodetection, strain-engineered band gaps, and
dynamically tunable metasurfaces. In microrobotics, kirigami
lattices, stress-programmed bilayers, and nanoscale magnetic en-
coders endow sub-millimeter machines with locomotion, grip-
ping, and flight. In metamaterials, geometric hierarchies create
mechanical modules with programmable stiffness or EM res-
onators whose spectra shift with each fold. Overall, these ex-
amples demonstrate four principle advantages of origami and
kirigami on nanomembranes: i) scale-independent design that
migrates seamlessly from millimetres to atomic layers; ii) materi-
als compatibility with high-performance semiconductors, metals
and polymers; iii) batch manufacturability via wafer-scale lithog-
raphy followed by parallel folding; and iv) reconfigurability on
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demand, allowing a single device to deliver multiple, selectively
addressable functions.

Origami and kirigami on nanomembranes can yield devices
with unique capabilities compared to conventional designs. How-
ever, as an emerging technology, there remain significant chal-
lenges to address and exciting opportunities to pursue. Design-
ing complex origami/kirigami patterns for specific functions is
still largely a skilled craft or an iterative simulation process. The
design space is huge (where to put creases/cuts, in what order
they fold, etc.), and there are few automated tools. While progress
is being made on origami design algorithms, it’s a limitation that
custom patterns often need to be invented for each new task.
The issue of finite rigidity and material thickness is also a fun-
damental challenge. Although theoretical origami often assumes
zero thickness, real nanomembranes have a finite thickness that
can cause deviations from ideal folding behavior. Accommodat-
ing panel thickness in complex folds sometimes requires addi-
tional design tricks (e.g., offset hinges or extra folds). For intricate
origami patterns, ensuring that the material doesn’t self-intersect
or lock up is a non-trivial design constraint, especially at micro-
scale tolerances. Also, there is still a limited palette of proven
nanomembrane materials that work well for folding. Silicon is
popular but brittle; polymers are flexible but often not dimen-
sionally stable or precise; metals can fatigue or creep. Emerging
materials like 2D materials (graphene, MoS,, etc.) with atomic
thickness offer superb flexibility and strength, but large-area pro-
duction of these at high quality is still maturing. Although many
origami/kirigami devices have been made using batch processes,
truly high-volume manufacturing (like wafer-scale CMOS) of
complex foldable systems is still lacking. Additionally, some fab-
rication or actuation methods (like FIB-induced folding or man-
ual transfer) are intrinsically low-throughput. Overcoming this
may involve developing new self-folding materials that can be
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activated. Actuation and control also demand progress. Thermal
bimorphs and capillary folding are reliable but energy-intensive
or single-shot; magneto-mechanical and electrostatic schemes
promise reversible, low-power operation yet require complex con-
trol systems in laboratories. Each challenge also represents an
opportunity for innovation that will drive the field into its next
phase (Figure 10).

In conclusion, the future of origami and kirigami on
nanomembranes is exceptionally bright and multidisciplinary.
By overcoming current limitations and harnessing emerging
technologies, we expect to see a new generation of smart, re-
configurable, and efficient microdevices. These systems might
form the basis of programmable matter—materials that can
change their physical properties or shape on command—a long-
standing vision that now appears within reach. The convergence
of innovations in materials (like 2D materials), microfabrica-
tion (like 3D lithography and printing), and computing (like Al-
driven design and control) will accelerate progress. Ultimately,
origami/kirigami nanomembrane techniques will likely transi-
tion from the lab to the real world in applications ranging from
medicine to advanced optics, creating devices that are lighter,
more compact, more versatile, and smarter. As next-generation
multifunctional systems emerge, including self-folding robots,
adaptive sensors, and tunable metamaterials, the folding of
nanomembranes will be a key enabling technology.
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