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Engineering Kirigami Frameworks Toward Real-World
Applications

Lishuai Jin* and Shu Yang*

The surge in advanced manufacturing techniques has led to a paradigm shift
in the realm of material design from developing completely new chemistry to
tailoring geometry within existing materials. Kirigami, evolved from a
traditional cultural and artistic craft of cutting and folding, has emerged as a
powerful framework that endows simple 2D sheets with unique mechanical,
thermal, optical, and acoustic properties, as well as shape-shifting
capabilities. Given its flexibility, versatility, and ease of fabrication, there are
significant efforts in developing kirigami algorithms to create various
architectured materials for a wide range of applications. This review
summarizes the fundamental mechanisms that govern the transformation of
kirigami structures and elucidates how these mechanisms contribute to their
distinctive properties, including high stretchability and adaptability, tunable
surface topography, programmable shape morphing, and characteristics of
bistability and multistability. It then highlights several promising applications
enabled by the unique kirigami designs and concludes with an outlook on the
future challenges and perspectives of kirigami-inspired metamaterials toward
real-world applications.

1. Introduction

Over the past two decades, we have witnessed the blossom of the
design and fabrication of artificial metamaterials.[1–4] Unlike con-
ventional materials, metamaterials derive their exceptional phys-
ical properties from elaborately engineered structures, leading
to a new paradigm in material design across all length scales.
Kirigami, the creative Asian art of paper cutting whose origins
can be traced back thousands of years to when paper was first in-
vented, has evolved as a powerful platform for scientists and en-
gineers to create metamaterials with properties that have never
been attained in the realm of materials science.[5–14]

The basic tenet of kirigami design is to embed functionalities
into a flat thin sheet through rationally perforated cuts. Introduc-
ing an array of architected cuts into a thin sheet of material fun-
damentally alters its topology, giving rise to a significant change
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in the deformation mechanism compared
to the original sheet. The deformation
mechanisms of the kirigami structures
can vary significantly based on several
factors, including the geometry of the
cutting motifs, the dimensions of the ma-
terials involved, and the applied boundary
conditions. The ability to tailor mechan-
ical properties based on these design
parameters makes kirigami a highly ver-
satile and promising tool to engineer
materials with desired characteristics and
applications. Considerable efforts have
been made to investigate and optimize
kirigami designs, with the aim to un-
leash their full potential across diverse
fields, including soft robotics,[15–20] flexible
electronics,[21–28] medical devices,[29,30] and
energy storage.[31–34]

Owing to its profound relevance across
a multitude of applications, there are sev-
eral recent reviews that have surveyed this

ever-evolving topic, providing a foundation for understanding
kirigami designs. For example, Tao et al. have delved into com-
prehensive discussions about the mechanical characteristics that
underpin kirigami-inspired designs.[14] Brooks et al. have ex-
plored the transformative potentials of kirigami-inspired health-
care applications.[12] Others have combined kirigami and origami
designs to shed light on the multifaceted nature of kirigami,
such as shape transformation,[6] 3D assembly,[7] and techniques
in micro/nanofabrication.[5] Despite these insightful examina-
tions, a gap persists in the practical application of kirigami
principles to meet the demands of real-world challenges. Be-
yond achieving the desired functionalities, such as enhanced
stretchability, target shape transformation, and tailored surface
topography, it is imperative to consider a range of realistic fac-
tors, including the robustness within uncontrolled or even harsh
environments,[35,36] the scalability and reproducibility in man-
ufacturing processes,[37,38] and the pursuit of universal design
methodologies for real-world applications.[39,40] In principle, the
kirigami designs are scalable and material-independent. In prac-
tice, the intrinsic properties of the constituent materials cannot
be ignored to ensure optimal outcomes in terms of high durabil-
ity, robustness, sustainability, and cost-effectiveness. These con-
siderations are crucial for the transition of kirigami frameworks
from conceptual studies to practical, deployable solutions. Fur-
thermore, given the rapid evolution of this field, a timely survey
not only benefits the community but also catalyzes further inno-
vations.
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Figure 1. Deformation mechanisms of the building blocks in kirigami design. A) Out-of-plane buckling induced by (i) stretching and (ii) compression.
B) Rotating-unit mechanisms can be harnessed to realize auxeticity and high stretchability. (i) Regular triangular units and (ii) fractal cut units. C)
Incorporating cutting and folding enlarges the design space of kirigami. (i) The lattice kirigami and (ii) computational cutting and folding.

In this review, we focus on how to effectively apply kirigami
design principles to address real-world challenges. We intend to
establish a link between the kirigami structures and their dis-
tinctive properties, inspire the discovery of innovative kirigami-
inspired metamaterials, as well as stress the practical deploy-
ments, motivating the research community to tackle the chal-
lenges presented by real-world problems.
The deformation of kirigami structures can be intricate; how-

ever, they predominantly rest on three fundamental mecha-
nisms: buckling-induced deformation, rotating-unitmechanism,
and the synergy of cutting and folding, as depicted in Figure 1.
Collectively, these mechanisms confer kirigami with distinctive
properties. In this review, we first present the basic deforma-
tion mechanisms inherent to various kirigami designs and ex-
plain the fundamental physics underlying the ever-improving
properties of kirigami. Then, we outline the unique properties
of kirigami that stem from rationally designed cuts, illustrating
how each property can be utilized to foster advancements across
diverse fields. Finally, we provide our insights on the challenges
and perspectives to advance kirigami-inspired metamaterials to
address real-world challenges.

2. Mechanisms and Design Principles of Kirigami

The pluripotent kirigami metamaterials are realized by perforat-
ing rational patterns into flat sheets, where their deformation
mechanisms are governed by the cut patterns, the ratio of the crit-
ical size of the cuts (i.e., the hinge size or the distance between
parallel cuts) to the sheet thickness, and the applied boundary
conditions. Hence, the design of kirigami is intrinsically scalable
and generically material-independent. The essential principle of
kirigami lies in imparting nearly inextensible flat sheets with the
ability to stretch, conform, and adapt. To this end, three main
mechanisms are usually employed (Figure 1).

2.1. Buckling-Induced Deformation

By perforating flat sheets with rationally designed cuts, the re-
sultingmaterial possesses a significantly lowermodulus than the
pristine, uncut sheets. This mechanical compliance arises from
the geometric nonlinearity induced by the cuts. In the case of a
kirigami structure with parallel line cuts (Figure 1A(i)), a com-
petition exists between in-plane deformation energy and out-of-
plane bending energy when the structure is stretched. With a
small amount of applied stretch, the in-plane deformation en-
ergy is smaller than the out-of-plane bending energy, leading
to the structure deforming primarily within the plane. How-
ever, as the degree of stretching increases, out-of-plane defor-
mation comes into play, which occurs when the in-plane and
out-of-plane energies become equal. Notably, the out-of-plane
deformation exhibits much lower stiffness than the in-plane
deformation.[41–43] This is attributed to the fact that the bending
modulus of thin sheets is considerably lower than their in-plane
stretching modulus. However, as the applied strain approaches
the stretching limit of the kirigami, the stiffness will rise
again.
Much like stretching-induced buckling, compressing the cut

sheets to a certain strain also results in out-of-plane deformation.
This mechanism has been extensively employed in assembling
elaborate 3D architectures at micro- and nano-scales.[44–48] The
morphology of the resulting 3D structure is dictated by the ge-
ometry of the cut pattern and the applied boundary conditions.
In order to accurately regulate the boundary conditions, com-
pression is typically applied from another layer of pre-stretched
elastomer. As shown in Figure 1A(ii), the dark gray rectangles
indicate the bonding sites between the kirigami sheets and the
pre-stretched elastomer. Releasing the stress in the elastomer in-
duces compressive stress to these sites and buckles the kirigami
sheets accordingly.
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2.2. Rotating-Unit Mechanisms

The rotation mechanism offers another avenue to program de-
formation in 2D sheets, wherein the sheets are segmented into
a collection of units (e.g., squares or triangles) linked at their
tips.[49–51] The units separated by cuts are effectively rigid, while
the connecting ligaments function like free-rotational hinges.
The deformation of this type of structure is therefore determined
by the kinematic relation between the units. For the kirigami de-
sign shown in Figure 1B(i), the strain of the structure can be
calculated by the rotation angle 𝜃 of the triangular units and de-
scribed by

𝜀x = 𝜀y =
2√
3

(
sin

(
𝜃

2

)
+ sin

(
𝜃

2
+ 𝜋

3

))
− 1 (1)

Leveraging the rotating mechanism offers a compelling route
to design auxetic structures. A broad spectrum of Poisson’s ra-
tios can be realized by fine-tuning the shapes of these rotat-
ing units.[52] Drawing inspiration from ancient Islamic arts[53]

and wallpaper groups,[54] researchers have explored periodic
units with irregular shapes, which impart bistability and pro-
grammable shape-shifting capabilities, significantly expanding
the kirigami design space.
In addition, by embedding hierarchical cutting motifs within

the sheets, one can achieve enhanced programmable deforma-
tions, as shown in Figure 1B(ii). These fractal cut designs permit
substantially large strains and shape changes, which are contin-
gent on the shape of the rotating units and the hierarchy level.[55]

For level-1 hierarchy, the strain of rotating squares is given by

𝜀x = 𝜀y = sin
(
𝜃

2

)
+ cos

(
𝜃

2

)
− 1 (2)

where the rotation angle 𝜃 is defined in Figure 1B(ii). The level-
1 structure has only one degree of freedom, and increasing the
hierarchy of the cuts results in more degrees of freedom in the
structure. For a level-2 structure, two independent angles 𝜃1 and
𝜃2 determine the rotation of all units, and the lateral strain can
be expressed as[55]
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2.3. Combination of Cutting and Folding

Beyond the out-of-plane buckling, folding represents another
pivotal method for transforming 2D sheets into 3D structures.
Kirigami design involving cutting and folding emerged as a
promising approach to conforming complex 3D structures. This
technique blurs the boundaries between kirigami and origami,
unlocking unique designs that cannot be achieved through
cutting or folding alone. Notable instances include the lattice
kirigami depicted in Figure 1C(i) and the computational cutting
and folding showcased in Figure 1C(ii).
Lattice kirigami derives from the design of phyllotaxis and

combines the techniques of cutting, folding, and regluing.[56]

As shown in Figure 1C(i), a 2D sheet can be robustly manipu-
lated into a complex 3D stepped shape by strategically removing
topological discs from honeycomb lattice sheets. Compared to
conventional origami design, this approach avoids the complex-
ity of fold pattern design and the subsequent convoluted fold-
ing sequences. Remarkably, by varying the folding directions,
a single lattice kirigami permits a wide variety of prescribed
surfaces.[57–59]

The computational cutting and folding approach evolves from
the unfolding of polytopes.[60] Specifically, a 3D mesh surface
can be segmented into 2D patches without overlapping. These
patches then serve as templates for cutting materials, which
are subsequently folded back to reconstruct the original 3D
shape.[61,62] Owing to the capability of transforming 2D sheets
to arbitrary 3D configurations, this approach has been widely
exploited in designing papercraft models[63–65] and self-folding
structures[66–70] and applied in fields such as drug delivery[71] and
robotics.[72]

Each mechanism described above unlocks immense poten-
tial for creating pluripotent metamaterials. The synergy of
these mechanisms further amplifies the possibilities inherent in
kirigami design. An et al.[73] employed the hierarchical rotating
mechanism in conjunction with the buckling mechanism to cre-
ate combined heterogeneous surfaces, which are capable of re-
alizing tunable mechanical response and encrypting desired 3D
patterns into flat sheets. By combining the folding and buckling
mechanisms, numerous studies utilized rationally designed fold-
ing paths to guide the buckling morphology of 3D microstruc-
tures, providing new strategies for manufacturing 3D electro-
magnetic components across a wide range of length scales and
material types.[47,74]

3. Unique Properties of Kirigami and Their Profuse
Applications

The strategically designed cuts and folds facilitate the cre-
ation of diverse kirigami-inspired metamaterials, which exhibit
unique mechanical,[41,53,75–77] thermal,[78–81] acoustic,[82–84] and
optical[85–87] properties surpassing those of the original flat
sheets. Here, we organize the functions of the kirigami designs
into four primary categories based on their distinctive proper-
ties: high stretchability and flexibility, tunable surface topogra-
phy, programmable shape morphing, and bistability and multi-
stability (Figure 2). Since kirigami design principles are gener-
ally scalable and independent of specific materials, these unique
properties can find applications across a wide range of fields. As
such, they offer innovative strategies for achieving functionali-
ties that conventional techniques fail to attain. In the following,
we will provide an overview of the key properties of kirigami and
explore how they are utilized to tackle challenges in various fields.
We aim to offer a glimpse into the versatility and broad potential
of this inventive approach, and guide the design of engineered
materials for practical applications.

3.1. High Stretchability and Adaptability

One of the most prominent characteristics of kirigami is
that it endows inextensible sheets with high stretchability and

Adv. Mater. 2023, 2308560 © 2023 Wiley-VCH GmbH2308560 (3 of 17)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202308560 by U
niversity O

f Pennsylvania, W
iley O

nline Library on [13/12/2023]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



www.advancedsciencenews.com www.advmat.de

Figure 2. Rationally embedding cuts into flat sheets results in unique properties and diverse applications.

adaptability, which can be achieved by exploring the buckling
mechanism, the rotating-unit mechanism, or a combination of
both. Cho et al.[55] demonstrated how to leverage fractal cuts
to engineer the super-stretchability and shape conformability of
the cut materials. Conventional kirigami designs based on the
rotating-unit mechanism have theoretical limits on the achiev-
able strain. For instance, the maximum strain of the rotating
squares, without stretching the ligaments, is 41.4%. In order
to achieve larger programmable deformation, the authors incor-
porated hierarchical cutting motifs into the sheet, producing a
fractal-architected design with significantly large stretchability.
The maximum deformation is dictated by the cut pattern and the
hierarchy level. For a square pattern with level-2 and level-3 hier-
archies, the maximum strain is approximately 62% and 79%, re-
spectively, which greatly exceeds the strain potential of the level-
1 rotating squares without any hierarchy (Figure 3A). Moreover,
the deformation characteristics can be precisely tailored by vary-
ing the hierarchical motif arrangement. In a homogeneously pat-
terned structure, a level-4 hierarchical design facilitates a maxi-
mum strain of ≈ 108%. Intriguingly, a 90-degree rotation of the
motifs at levels 2 and 4 results in a modified structure reaching a
maximum strain of ≈ 130%, as depicted in Figure 3B(i). Further,
non-uniform expansion properties are attainable within a level-3
hierarchy through heterogeneous integration of 𝛼- and 𝛽- motifs,
with the degree of stretchability being programmable via selec-
tive incorporation of different hierarchical levels andmotif types,
as illustrated in Figure 3B(ii)).
The utilization of fractal cuts introduces a new strategy to em-

power rigid materials with extreme stretchability, facilitating the
development of platforms for stretchable and flexible devices.
Conventional approaches to producing flexible electronics rely
on intrinsically flexible materials (e.g., elastomers) or engineered
ultrathin inextensible materials (e.g., silicon) with wavy and ser-
pentine structures. Kirigami has emerged as a complementary
framework that can endow intrinsically inextensible materials
with high stretchability and adaptability. Figure 3C demonstrates
a prototype that leverages fractal kirigami to create flexible elec-
trodes. By depositing a conductive film of multi-wall carbon nan-
otubes on a fractal-cut silicone rubber sheet, a light-emitting
diode (LED) remains powered through the conductive film, even
as the cut silicone rubber sheet is stretched over the contours of a
baseball. This platform has since been extended to more sophis-
ticated implementations such as auxetic displays[91] and shape-

adaptive imagers.[92] Beyond the rotating unit mechanism, other
kirigami-based mechanisms have collectively expanded the de-
sign space for flexible electronics. For instance, the out-of-plane
buckling mechanism enables a translation of in-plane stretch-
ing to out-of-plane bending,[26,93] while the cutting and folding
mechanism imparts exceptional adaptability.[94] Together, these
mechanisms enrich the toolkit for engineering devices that ex-
hibit extraordinary stretchability, seamless conformability, and
enhanced sensitivity.
While substantial advancements in flexible electronics focus

on conformability and sensing performance, theirmechanical ro-
bustness should not be overlooked. On one hand, flexible elec-
tronics are prone to generate fracture and delimitations when
subjected to large deformation. On the other hand, the working
environments of electronics might be unpredictable and uncon-
trolled in practical applications, resulting in undesired damage
to the components and compromising their functionalities. To
circumvent these challenges, Liu et al.[35] developed a versatile
materials platform based on a composite nanofiber framework
and realized wearable kirigami electronics with high mechanical
robustness and multifunctionalities (Figure 3D). This platform
consists of a microporous framework based on aramid nanofiber
composites, which exhibit high toughness to withstand stress
concentration around kirigami cuts and prevent crack propaga-
tion due to the self-assembled hyperconnected fibrillar network.
In addition, Figure 3E reports a strategy of combining rigid tiles
and soft hinges to improve the robustness and survivability of
the electronics in unpredictable environments.[36] This design re-
places the hinges of rigid rotating units (e.g., Polyimide) with de-
formable, soft elastomers (e.g., silicone rubber K-704, Kafuter) to
enhance structural conformability. The rigid tiles, on the other
hand, can behave as armor to protect themselves and the under-
lying soft body from potential external physical damages with-
out sacrificing the sensing capability. As a result, the device ex-
hibits performance surpassing conventional electronic skin un-
der various extreme conditions such as puncture, scratch, and
thermal shock.
Furthermore, the kirigami principle can be applied to the

design of flexible strain sensors with concurrent hypersensitivity
and omnidirectionality. Subtle and abnormal vibrations gener-
ated from small cracks, corrosion, and loose screws may occur
anywhere in any direction of engineering structures, such as
buildings and bridges. The early detection of these issues can
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Figure 3. Highly stretchable kirigami and their broad applications. A) Auxeticity and high stretchability arise from fractal units. The finite element
simulations of silicon rubber with finite size hinges reveal that the maximum strain of level-1, level-2, and level-3 designs are 43%, 62%, and 79%,
respectively. B) Combination of different architectural motifs (𝛼-motif and 𝛽-motif are 90° rotationally symmetric) gives rise to diverse stretchability.
(i) A level-4 design with alternative 𝛼- and 𝛽-motif produces a maximum strain of 130%; (ii) Inhomogeneous deformation results from the mixing of
motifs and the level of hierarchy. C) Prototype demonstration of a stretchable electrode platform based on fractal kirigami. The LED light remains lit after
being conformed to a baseball. A–C) Adapted with permission.[55] Copyright 2014, National Academy of Sciences. D) Aramid nanofiber frameworks
enabled kirigami electronics with high toughness, permeability, and manufacturability. Adapted with permission.[35] Copyright 2022, Wiley-VCH. E)
Kirigami-based electronic armor capable of protecting itself and the underlying objects from potential damage. Adapted with permission.[36] Copyright
2022, Wiley-VCH. F) Bioinspired sensors leverage cuts and grooves to achieve omnidirectional and hypersensitive strain measurements. Adapted with
permission.[88] Copyright 2022, Wiley-VCH. G) Kirigami enhances film adhesion due to its high stretchability and conformability. Unlike a continuous
film, which tends to detach from the elbow during bending, the kirigami film maintains its adhesion. Adapted with permission.[89] Copyright 2018, Royal
Society of Chemistry. H) High-strength, easy-release adhesives enabled by nonlinear cuts. The cuts result in 60x enhancement in adhesion from different
directions. Adapted with permission.[90] Copyright 2023, Springer Nature.

prevent potential catastrophic disasters. However, it remains
challenging to achieve so due to the anisotropy of sensing
materials (e.g., nanotubes, nanowires, nanofibers) and their
microscale patterning. The resulting sensitivity is always higher
in the direction perpendicular to the cracks. Thus, measuring
the orientation of the cracks often requires a pre-defined instal-

lation angle, which is not practical in real-world engineering
applications. Figure 3F presents a bio-inspired approach that
uses optimal cut patterns to determine the direction of the
strain. Inspired by the sensing mechanism of vision-degraded
scorpions, which can detect vibration stimulus presented 8
cm away at various angles by utilizing a slit sensillum with
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fan-shaped grooves, Liu et al.[88] designed a flexible strain sensor
composing curved microgrooves arranged around a central
circle, exhibiting an unprecedented gauge factor of 18,000 in the
strain range of 0.46%–0.65% for 7,000 cycles. By optimizing the
geometry of microgrooves and laying the sensors in an array, it
can sense various subtle vibrations of diverse input waveforms
and discriminate the direction of the source, significantly en-
larging the capability of existing strain sensors for on-site and
fast localization of directional vibrations.
The high stretchability and unique topology of kirigami can

also be exploited to enhance the adhesion between films and
substrates. The conventional approach to ensure film-substrate
adhesion involves making the films thinner, more compli-
ant, and more adhesive, but such modifications may com-
promise the function or fabrication process of film–substrate
structures. Figure 3G demonstrates an approach that enhances
the film-substrate adhesion by introducing rational kirigami
cuts in the films without changing their thickness, rigidity,
or adhesive properties.[89] In contrast to the design of contin-
uous poly(dimethylsiloxane) (PDMS) film (thickness, 1.5mm)
bounded with a 10 μm adhesive layer (WACKER SiGel 613),
which detaches from the Ecoflex substrate when stretched to 𝜆

(stretched length /original length) = 1.25, the kirigami film, pos-
sessing identical geometric and material parameters as the con-
tinuous film except for the cuts, remains adhered up to a stretch
of 𝜆 = 1.43. Figure 3G visually contrasts the performance of both
continuous and kirigami films when attached to an arm’s el-
bow. In its straightened position, both films adhere effectively.
During the act of bending, the continuous film delaminates eas-
ily, while the kirigami film exhibits strong adhesion even un-
der severe bending (45°), with only slight delamination observed
above the joint. This extraordinary adhesion performance results
from the synergy of three factors: i) shear-lag effects, the edges
of each kirigami segment undergo shear deformation prior to
delamination upon stretching, which can delay the interfacial
debonding; ii) partial debonding between films and substrates,
which reduces energy release rate with interfacial crack prop-
agation and prevents the full detachment of the film from the
substrate; and iii) the compatible deformation of kirigami and
substrates, which imparts reliable adhesion and conformabil-
ity when the substrates undergo inhomogeneous deformation.
Notably, the adhesion can be further programmed to achieve
anisotropic adhesion[95] or simultaneously strong and releasable
adhesion.[90] As demonstrated in Figure 3H, a kirigami adhesive
exhibits reversible and directional adhesion characterized by se-
curely holding a weight of 250 g in the maximum force peel di-
rection while rapidly releasing it when applied in the opposite
direction. This distinctive property is attributed to the nonlinear
cuts, which effectively inhibit crack propagation by compelling
cracks to propagate backward while facilitating crack growth in
the opposite direction for easy release and reusability.

3.2. Tunable Surface Topography

Surface topography is crucial in determining the behavior
and characteristics of engineered materials, impacting aspects
such as tribology,[76,96] adhesion,[97] wettability,[98] and fluid
dynamics.[99] This paves the way for a wide array of implica-

tions across diverse sectors, including soft robots,[100] biomedi-
cal implants,[101] and photonic and phononic crystals.[82,102] Con-
ventional methods to achieve various surface topographies em-
ploy techniques like photolithography, additive manufacturing,
micro- and nano-machining, and self-assembling. Kirigami, as
a complement to other techniques, offers a scalable technique
to craft intricate 3D surface topographies across various length
scales, demonstrating its potential to address practical chal-
lenges.
To tackle the global water shortage crisis, harvesting fresh wa-

ter from environmental sources such as fog emerges as a promis-
ing solution. Yet, traditional fog collectors are inefficient due to
aerodynamic deviation, where the viscous drag of fog-laden wind
is deflected around or intercepted by the collecting surface.[103–105]

On the other hand, when micro- and nanostructures are intro-
duced to improve the transport and drainage of fog droplets on
surfaces, the collectors are not only expensive to fabricate but
prone to physical damage and biofouling, making them unsuit-
able for applications in an outdoor setting.
Li et al.[37] introduced a transformative strategy for fog col-

lection based on kirigami-induced surface topographies. This
method is capable of achieving not only high water collection
efficiency but also robustness in complex environments, and it
is adaptable to meter-scale manufacturing and deployment. As
demonstrated in Figure 4A, this collector utilizes aerodynamics-
assisted fog interception stemming from the geometric curva-
ture, along with directed droplet gathering induced by the asym-
metric morphology, to attain exceptional water collection effi-
ciency. The kirigami surface consists of 3D pyramid units sep-
arated by selectively patterned openings. The conjunction of geo-
metric curvature with openings can regulate the wind flow, form-
ing counter-rotating vortices around the substrate (Figure 4B).
These vortices flutter back and forth around the fold and accu-
mulate fog droplets inside the vortices, thereby guiding the tra-
jectories of fog droplets laden in the air and efficiently directing
them to the substrate. As a result, extensive droplets with diame-
ters > 500 μm emerge on the cubic kirigami with a folding angle
𝜃 = 150°, whereas droplets of smaller diameter < 300 μm domi-
nate on the 2D perforated surface.
Additionally, intercepted droplets can be guided by asymmetric

channels formed by folds, as depicted by the experimental snap-
shots in Figure 4C. When the droplets at the edges grow large
enough, they fall in an avalanche-likemanner, gathering substan-
tial droplets from the central region of each facet. They are then
guided along the valley channel and eventually drip from the bot-
tom tip of the concave pyramid. These combined advantages re-
sult in a fog collection efficiency ≈ 16.1% at a low wind speed of
0.8ms-1, which is 2.7 and 1.8 times those from the state-of-the-art
fog collectors, wire mesh, and Raschel mesh, respectively, under
the same experimental conditions (Figure 4D).
Notably, the high water collection efficiency rendered by

kirigami surfaces is primarily governed by the 3D surface
topography, not surface texture or surface chemistry. Hence,
it is robust against physical and chemical fouling and can be
applied to a broad diversity of low-cost materials and sheets.
The experimental investigation has revealed that the pyramidal
kirigami, irrespective of the material or surface treatment,
consistently maintains an average water collection rate of ≈ 17.5
L/(m2.h) as long as the apparent water contact angle remains
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Figure 4. The unique 3D surface topographies of kirigami empower profuse applications. A–D) Aerodynamic-assisted fog collector with high efficiency.
A) Schematic illustrations depict themechanism of the fog collector. This collector leverages aerodynamics-assisted fog interception, which is induced by
the geometric curvature and the directed droplet gathering, brought about by the asymmetricmorphology, to attain remarkable water collection efficiency.
B) Top: the velocity field of fog-laden air around the cubic kirigami surfaces with folding angles 𝜃 = 150° and 𝜃 = 0°, respectively. A pair of counter-rotating
vortexes emerge around the mountain fold, generating additional stagnation regions in front of the curved substrate, which enhances the deposition of
droplets onto the substrate. Bottom: the diameter of droplets at the center of the cubic facet is much larger than those on the perforated surface without
folding. C) Experimental snapshots validate the transport and dripping of droplets rectified by the valley folds. D) The comparison of the collection
efficiency of various fog collectors. Compared to conventional fog collectors, the conjunction of effective fog interception and directed transport enables
significantly higher water collection efficiency in larger-scale structures. A–D) Adapted under the terms of the Creative Commons CC-BY license.[37]

Copyright 2021, The Authors. Published by Springer Nature. E) The out-of-plane deformation of kirigami creates unique surface topographies that can
be harnessed to produce directional frictional properties, thereby enhancing the locomotion efficiency of crawling robots. Kirigami sheets: Adapted with
permission.[16] Copyright 2018, The American Association for the Advancement of Science. Kirigami shells: Adaptedwith permission.[106] Copyright 2019,
National Academy of Sciences. F) Steel kirigami surfaces for friction modulation in footwear. The kirigami sheets buckle out-of-plane during walking to
enhance the frictional properties and prevent slips and falls. Adapted with permission.[76] Copyright 2020, Springer Nature. G) Kirigami-inspired stents
for sustained local delivery of therapeutics, which can deposit drug depots in the gastrointestinal tract acrossmillimeter tomulti-centimeter length scales.
Adapted with permission.[30] Copyright 2021, Springer Nature. H) Kirigami-based solar cells offer a solution for integrated solar tracking. Both the tilting
direction and angle can be precisely adjusted to optimize optical tracking efficiency. This method rivals the performance of conventional trackers while
remaining simple, cost-effective, and lightweight. Adapted with permission.[107] Copyright 2015, Springer Nature. I) Chiral mechanical metamaterials
transform a linear displacement into twisting, enabling mechanical pixels that can modulate the transmission of light through deformation. Adapted
with permission.[108] Copyright 2023, Wiley-VCH. J) Nano-kirigami structures implemented by in situ cutting and buckling of suspended gold films
with programmed ion beam irradiation, resulting in giant optical chirality due to the nanoscale 3D twisting features. Scale bars, 1 μm. Adapted with
permission.[85] Copyright 2018, The American Association for the Advancement of Science.
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under 150°. Remarkably, the design can be scaled up to 1 m2 or
even larger when meter-scaled modules are assembled together
(e.g., 2 x 2 m2), offering more practical, low-cost, and deployable
solutions for fog water collection despite diverse real-world
constraints such as local wind speeds, cost concerns, footprint,
and availability of local materials for deployment.
Soft machines and actuators, with their intrinsic flexibil-

ity and compliance, are particularly suited to navigate com-
plex and unstructured environments. However, their locomo-
tion often necessitates the use of multiple actuators that operate
independently.[109] Figure 4E demonstrates a bio-inspired strat-
egy to circumvent this challenge. It utilizes 3D textured surfaces
produced by kirigami to simplify the locomotion control of soft
robots while ensuring it to remain efficient.[16,106] The crawling
robot consists of an extensible actuator enveloped by a kirigami
skin. Upon pneumatic inflation, the actuator extends and drives
the kirigami skin to deform out-of-plane, leading to a dramatic
change in the friction properties of the crawling robot. This fea-
ture is akin to the scaled skin of snakes, which produces direc-
tional friction due to the asymmetric pop-up deformation, en-
abling efficient crawling with simple controls. When curvature
is incorporated into the kirigami skin, the pop-up features can be
further programmed. Adjusting both the curvature and ligament
size within the kirigami units allows for a controlled, sequen-
tial pop-up deformation. As illustrated in the bottom panel of
Figure 4E, the pop-up deformation of the programmed kirigami
shell first emerges at the two ends upon inflation and then prop-
agates from one end to the other. This programmed deforma-
tion enhances the anchorage of the crawler to the substrate at
both ends and significantly reduces the backslide. As a result,
the crawler with programmed skin proceeds about twice as fast
as those with a homogeneous pop-up deformation.
The pop-up feature of kirigami has been further applied to

footwear outsoles, leading to enhanced friction forces in the fore-
foot and transversally to the direction ofmovement.[76] Falls, with
their associated complications, pose significant health risks to
older adults. Drawing inspiration from natural structures like
claws and scales, Figure 4F showcases slip-resistant kirigami
grips that can be attached to the footwear soles to reduce the risk
of falls. During walking, the bending of the shoe soles causes
stretching in the attached patches prompting the spikes to buckle
outward. The elaborately engineered geometry of the kirigami
patches enables a dynamic friction modulation: they remain flat
with the sole when the wearer is standing still but enhance fric-
tion during walking, presenting a promising solution to prevent
slips and falls across various environments.
These pop-up features also find applications in biomedical

therapeutics, notably in the form of kirigami-based stents. Im-
plantable drug depots, capable of satisfying therapeutic needs in
a localized manner, can effectively enhance the potency of the
drug at the target site while reducing the risk of possible side
effects elsewhere in the body. However, the anatomic distribu-
tion of localized drug delivery for tubular organs, such as the gas-
trointestinal tract, remains challenging with existing therapeutic
modalities. These limitations range from complications such as
stent migration and tissue perforation to insufficient drug dif-
fusion through the tissue layers. To overcome these challenges,
researchers introduced a kirigami-based drug-releasing system
(Figure 4G), which can provide a rapid circumferential and longi-

tudinal submucosal drug deposition.[30] The kirigami-based stent
consists of a cylindrical kirigami shell for drug deposition and
a pneumatic actuator to trigger the delivery. Upon inflating the
actuator, the kirigami shell will be stretched and buckled out-
ward, such that the kirigami units undergo a change in orienta-
tion from planar to perpendicular to the stent body surface. The
radial expansion of the stent can achieve up to 60% of the original
diameter, and the buckled kirigami units function as denticle-like
needles, enabling submucosal injections of drug-loaded degrad-
able microparticles. By rationally designing the geometry, the
kirigami-based injectable stents can deposit drug depots circum-
ferentially and longitudinally in the tubular organs across mil-
limeter to multi-centimeter length scales, including the esopha-
gus, blood vessels, and airways.
Another implementation of kirigami-based surface topogra-

phy is optical manipulation across various scales. For instance,
the out-of-plane buckling-induced tilting effect in the kirigami
units can be strategically utilized in designing solar panels. To op-
timize electrical power production throughout the day, traditional
flat panel solar cells frequently employ optical tracking systems,
which are intricate and require expensive and bulky structural
parts to bear the weight. Kirigami provides a simple, low-cost,
and lightweight solution to circumvent this challenge and max-
imize solar power generation. Figure 4H demonstrates that by
embedding an array of rationally designed cuts into thin-film so-
lar cells, instability-induced structural tilting can be leveraged to
track the sun.[107] Importantly, the tilting angle can be precisely
adjusted by varying the stretching amplitude, and the tilting di-
rection be readily tuned by lifting or lowering one end of the sheet
prior to the straining process. This mechanism has been further
adapted to dual-axis tracking systems and applied to large-scale
solar concentration.[110] Beyond leveraging the buckling-induced
tilting intrinsic to kirigami, Forte et al. demonstrated the use
of chiral kirigami cells inspired by Archimedean spirals to con-
vert linear displacements into twisting motions.[108] The interac-
tion between the extension and twisting endows the chiral cells
with an array of highly nonlinear behaviors. By integrating these
units with polarizing films they realized mechanical pixels capa-
ble ofmodulating the transmission of light through deformation,
which have been further arranged in 2D arrays to realize color
displays (Figure 4I).
Whilemesoscopic kirigami techniques predominantly find ap-

plications in the mechanical or acoustic domains,[111,112] the di-
verse geometries offered by nano-kirigami pave the way for appli-
cations in nanophotonics.[85] As illustrated in Figure 4J, an one-
step approach has been developed to achieve nano-kirigami. This
method employs in situ cutting and buckling of a suspended gold
film using programmed ion beam irradiation. This results in a
complex 3D shape transformation, manifesting in features such
as buckling, rotation, and twisting of the nanostructures. Notably,
these nanoscale 3D twisting configurations facilitate pronounced
optical chirality, which is in significant contrast to the achiral 2D
precursor that lacks the engineered 3D topography.

3.3. Programmable Shape Morphing

Shape-morphing structures are materials or systems designed
to change their shapes in a controllable manner in response to
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Figure 5. Shape-morphing structures empowered by programmable kirigami. A–C) Implant-based breast reconstruction utilizing fractal and contour
cut kirigami. A) Schematic illustration of kirigami-engineered wrapping process for breast reconstruction. B) The topographical information of the
breast can be embedded into the kirigami via an algorithmic design process. C) Finite element (FE) analysis and experimental demonstration of the
Keller Funnel insertion process with the optimized kirigami sheets. A–C) Adapted with permission.[123] Copyright 2023, Wiley-VCH. D–F) Nacre-inspired
shape-morphing strategy for high mechanical stiffness and strength. D) The mechanism of this approach is realizing the shape-shifting to prescribed
shapes along with mimicking the staggered architecture of nacre shells for high mechanical properties. E) Schematic illustration of unfolding a target
doubly-curved surface to valid 2D networks, which in turn can be wrapped to approximate the target shape. F) Illustration of the algorithm, which
prevents cuts from overlapping at the same position in the shell. D–F) Adapted with permission.[38] Copyright 2022, The American Association for the
Advancement of Science.

external loads or stimuli. These structures have gained signifi-
cant interest in recent years due to their potential applications
in various domains, ranging from medical devices[113] and soft
robotics[114] to aerospace[115] and civil engineering.[116] Conven-
tional shape-morphing materials primarily rely on deformable
elastomers, attaining specific shapes in response to stimuli such
as pneumatic inflation,[117,118] heat,[119] light,[120] or the applica-
tion of electronic or magnetic fields.[121,122] In contrast, kirigami
empowers almost any inextensible sheet material with the ability
to transform into desired configurations through strategic cut-
ting and folding.
Tissue-reinforced acellular dermalmatrices (ADMs) arewidely

utilized in breast reconstruction for patients who have undergone
mastectomy prophylactically due to breast cancers. However, a
single ADM sheet cannot completely and conformably wrap the
implant without wrinkles or voids. Not only it costs more ma-
terials to wrap the implant, but the appearance of the implant
is not natural, and it is prone to mispositioning. Lee et al.[123]

circumvent this challenge by combining contour cuts that pre-
scribe the topographical height and fractal cuts in the center that
ensure horizontal expandability (Figure 5A). The morphological
information of the breast can be encoded into the kirigami de-
sign via a computational design process, as shown in Figure 5B.
By optimizing the contour cuts using finite element simulations
and considering the elasticity of ADM, the kirigami design is able
to produce a natural teardrop shape under the self-weight of the
implant, along with minimizing gap openings and reducing lo-
calized mechanical strain to prevent tearing of the ADM sheets
during operation. This is accomplished by fine-tuning geometric
variables, including slicing angles, the ratio of cut length to mar-
gin, and the spacing between contour lines. The effectiveness of
this method is exemplified in a mockup operation employing a
laser-cut kirigami ADM sheet (as shown in Figure 5C), where
natural shapes are achieved using round implants with variable
volumes (400 cc to 620 cc). The initial round shape mitigates
the undesired appearance when the unsecured implant pivots
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during movement. Beyond achieving a successful and aestheti-
cally pleasing breast reconstruction, the kirigami technique also
presents significant economic advantages, reducing an estimated
50% of material costs.
While engineered cuts grant kirigami sheets remarkable

stretchability and conformability, these alterations inherently
weaken the materials. It’s undeniable that there’s an essential
need to produce desired 3D shapes from 2D materials without
compromising their mechanical robustness and stiffness, par-
ticularly in aerospace and automotive engineering. Drawing in-
spiration from the architecture of nacre shells, Figure 5D–F de-
tails an optimal and universal cutting and stacking strategy that
transforms composite layers into 3D doubly curved shapes with
high stiffness and strength.[38] Nacre shells exhibit extraordinary
mechanical strength and toughness in comparison to their arti-
ficial counterparts due to the ordered hierarchical architectures
and the abundant interfacial interactions. By emulating nacre’s
architecture, the cutting patterns of kirigami can be optimized
layer by layer to produce a multilayered laminate with staggered
cut distribution. This design strategy exploits interlaminar shear-
ing to mitigate the mechanical weakness induced by the cuts, as
depicted in Figure 5D.
To realize the potential to morph into any prescribed shape,

an algorithm is developed to unfold any given 3D surface into
non-overlapping 2D nets (Figure 5E). Specifically, a target sur-
face is first discretized into a polyhedral mesh, which can then be
represented using a 2D cutting graph and further unfolded into
2D nets employing a minimum spanning tree approach. Varying
the weight of each edge in the cutting graph gives rise to differ-
ent 2D nets, which permits the optimization of the distribution
of the cuts in the multilayered 3D structures. Crucially, when an
edge has been cut in previous layers, it will not be cut again in
subsequent ones for a finite number of layers. This procedure
ensures that no cuts overlap at the same position, guarantee-
ing a homogeneous distribution of cuts across the multi-layered
3D structures (Figure 5F). The effectiveness of this approach is
validated via several experimental tests, including assessing the
performance of hemispherical shells and face guards fabricated
from a highmodulus bidirectional laminate, TensylonHSBD30A
(DuPont TM) plies. Tensylon is a fabric filmmade from ultrahigh
molecular weight polyethylene (UHMWPE) with two orthogonal
layers of solid-state extruded fibers coated with adhesives, which
can be thermally cured to set the shape. However, due to its high
in-plane shear stiffness, conventional solid-state extruded films
such as Tensylon cannot easily be shaped into a hemisphere with-
out wrinkling or tearing. In comparison to their randomly de-
signed counterparts, the optimized samples, enhanced with ad-
ditional tags, display considerably increased peak forces and stiff-
ness under various boundary conditions, thereby highlighting
the potential and effectiveness of the algorithm.
To facilitate the transformation of kirigami sheets from 2D to

3D, the introduction of a gradient is crucial. When such a gradi-
ent is implemented, the deformation of the kirigami sheets be-
comes non-uniform. If the deformation maintains 2D compati-
bility, the sheets merely deform within a two-dimensional plane,
affecting only the boundaries of the sheets. Differently, when
the deformation exceeds 2D compatibility, it triggers out-of-plane
buckling and deforms to a 3D shape. However, how to develop a
closed, compact regular kirigami tessellation to conform to a pre-

scribed target shape in 2D or 3D was elusive until Choi et al.[124]

presented their inverse design model based on the rotating-unit
mechanism. Thismodel employs a flexible constrained optimiza-
tion framework, where the number, size, and orientation of cuts
are optimized under the constraints of the lengths and angles
of generalized kirigami tessellations. As a result, approximately
any predefined 2D and 3D configurations can be reversely engi-
neered from closed and compact kirigami tessellation, as shown
in Figure 6A. A different strategy utilizes non-periodic cut pat-
terns to buckle sheets into 3D shapes.[125] These shapes are in-
duced by geometric frustration resulting from non-periodicity
and can be rationalized by an in-plane kinematic analysis. Such
methodologies contribute foundational elements to the construc-
tion of shape-morphing mechanical metamaterials.
Most kirigami-inspired shape-morphing structures have cuts

or voids when deployed, preventing them from being airtight.
This restriction hinders their use in inflatable shape-morphing
designs, which are prominent in soft robotics,[128,129] assis-
tive devices,[130] and camouflages.[117,131] Figure 6B introduces
a solution that combines non-periodic kirigami cuts with flex-
ible elastomers, paving the way for pneumatically activated
kirigami structures with programmable shapes. Unlike conven-
tional kirigami patterns marked by slender slits, this design in-
volves wide cuts, mediating the deformation mismatch between
kirigami and elastomers. Given that the modulus of the kirigami
sheet is substantially larger than that of the elastomer (≈ 105

times), the structure’s deformation is predominantly determined
by kirigami geometry, specifically the unit cell’s aspect ratioH/L
and the normalized hinge size 𝛿1/L. Meanwhile, the elastomer
imparts the structure with airtightness, enabling pneumatic ac-
tuation through the injection of compressed air. This allows the
structure to morph into various predetermined shapes at a given
pressure. Additionally, the tessellated nature of kirigami design
permits individual manipulation of each unit cell’s geometry, fa-
cilitating the accurate replication of target shapes across differ-
ent scales.
Kirigami originates from the art of paper cutting but has

evolved to incorporate folding, thereby exploring previously un-
tapped territories in the materials design space. For instance,
while many kirigami-based techniques lead to shape morphing
to prescribed shapes, few of them can realize multiple shapes
within a single design. Figure 6C demonstrates a lattice kirigami
design, which realizes various prescribed surfaces within a sin-
gle pattern by simply altering the folding directions. This design
consists of an array of disclination defect pairs on the dual to
the honeycomb lattice, leading to a manageable set of allowed
motifs, including 2 − 4 disclination pairs on a honeycomb lat-
tice that has twofold and fourfold coordination, 5̃ − 7̃ disclina-
tion pairs on a triangular dual lattice that has fivefold and seven-
fold coordination,[56] and sixon, where a defect is formed by com-
pletely removing one hexagon from the honeycomb lattice.[57] For
the sixon lattice shown in Figure 6C(i), by choosing the excised
hexagon centers to lie on a triangular lattice, the fold patterns re-
quired by the placement of multiple sixons can be designed com-
mensurate. Thereby, the triangular lattice of sixons can be readily
designed to match a target surface approximately. As shown in
Figure 6C(ii), the same triangular lattice of sixons can be used to
approximate both a monkey saddle and the topographic features
of Mountain Katahdin, among many other examples.
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Figure 6. Tessellated kirigami enables dynamic shape-morphing structures. A) An inverse design approach to approximate arbitrary shapes in 2D and 3D
from closed and compact rotating units. Adapted with permission.[124] Copyright 2019, The Authors. Springer Nature. B) Embedding rationally designed
kirigami sheets into unstructured elastomers produces inflatable structures that permit desired shapes upon application of a certain pressure. Adapted
with permission.[126] Copyright 2020, Wiley-VCH. C) Conjunction of cutting and folding enables pluripotent lattice kirigami designs, which permit a wide
variety of target surfaces within a single lattice design. Adapted with permission.[57] Copyright 2015, National Academy of Science. D) Shape-morphing
kirigami sheets guided by boundary curvatures. The sheets are composed of parallel discrete ribbons enclosed by continuous boundaries, which, upon
stretching, buckle to target 3D shapes including (i) positive Gaussian curvature, (ii) negative Gaussian curvature, and (iii) multilayered flowers. Adapted
under the terms of the Creative Commons CC-BY license.[19] Copyright 2022, The Authors. Published by Springer Nature. E) Shape-shifting kirigami
sheets empower the design of soft grippers. (i) The concept of using kirigami to design miniaturized, modularized, and remotely actuated soft grippers.
Adapted with permission.[17] Copyright 2021, The American Association for the Advancement of Science. (ii) Further developed kirigami grippers with
ultra-delicacy, ultra-strength, and ultra-precision. Adapted under the terms of the Creative Commons CC-BY license.[127] Copyright 2023, The Authors.
Published by Springer Nature.

While significant progress has been made in kirigami-based
shape morphing structures, the inverse design remains a long-
standing challenge due to the complexities associated with intri-
cate cut patterns and the arrangement of non-periodic cut units
at the local regions depending on the specific subject matter. In
a shift from the conventional approach, Hong et al. have pro-
posed a completely new concept, that is, to program curvatures
through the cut boundaries as opposed to the design of intri-
cate cut patterns.[19] By simply stretching a kirigami sheet with
pre-defined curved cut boundaries, a spectrum of prescribed 3D
curved shapes with various Gaussian curvatures can be achieved
(as shown in Figure 6D). In contrast to previous kirigami de-
signs with a network of polygon cut units, these kirigami sheets
are composed of parallelly cut, discrete ribbons enclosed by con-
tinuous boundaries. This approach dexterously links the Gaus-
sian curvature with the geodesic curvature along the boundary
(i.e., the projection of boundary curvature), thereby facilitating a
straightforward forward and inverse design methodology for de-
sired 3D curvatures. When multiple sheets of semi-circular 2D
precursors are layered together, followed by stretching, a floral
pattern characterized bymultilayered petals emerges.More inter-

estingly is that the dynamic shape-morphing capabilities enabled
by stretching allow for the grasping of an object (see Figure 6E),
which was first demonstrated by Yang et al.[17] through simple
cuts. Leveraging the precise control of the shape and the tra-
jectory of kirigami through the cut boundary, Hong et al.[127].
have further developed this concept toward a universal, adapt-
able, multifunction, yet robust kirigami gripper. It can perform
ultra-delicate, ultra-robust, and ultra-precise grasping tasks, in-
cluding handling fragile liquids with minimal contact pressure
(as low as 0.05 kPa), lifting objects up to 16,000 times their own
weight, and adeptly grasping extremely thin and flexible items,
such as 2-μm-diameter microfibers, on a flat substrate.

3.4. Bistability and Multistability

Bistable or multistable structures exhibit two or more equilib-
rium states with local minimum energy, allowing them to hold
one of two or more states without the need for any external force
to maintain the state. Switching between these states usually re-
quires a significant force or a specific type of stimulation and
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Figure 7. Kirigami-inspired bistable and multistable metamaterials. A) Ancient motifs inspired kirigami, which consists of an array of reentrant elements
connected by a system of rotating units via compliant hinges, exhibits simultaneous auxeticity and structural bistability. Adapted with permission.[53]

Copyright 2016, Elsevier. B) Bistable auxetic surface for stable shape transformation and deployment. The structure can be flat-fabricated using elastic
sheet material and deployed toward a desired shape by triggering the bistable mechanism within the component units. Adapted with permission.[137]

Copyright 2021, Association for Computing Machinery. C) Multistable structures capable of mimicking the material’s property of phase propagation
at the structural level. The structural analogs allow for precise manipulation of the direction, shape, and speed of the transition front by strategically
adjusting the geometry and energy landscape of the fundamental building blocks. Adapted with permission.[77] Copyright 2020, National Academy of
Science. D) Self-folding origami enabled by bilayer kirigami, which presents multiple stable configurations only requiring global stretching. Adapted
with permission.[138] Copyright 2020, Elsevier. E) Tristable kirigami cuboid whose tristability arises from the strategically designed hinges. This design
leads to the creation of a frequency-reconfigurable antenna with operation frequencies centered at 4.84, 3.48, and 2.58 GHz, respectively. Adapted with
permission.[139] Copyright 2022, National Academy of Science. F) Multistable kirigami structures enabled by a selection of symmetric and asymmetric
deformation. Adapted with permission.[75] Copyright 2018, American Physical Society.

is often accompanied by rapid snap-through instabilities. These
unique characteristics have been leveraged in a vast number of
applications including soft robotics,[132,133] energy harvesters,[134]

energy absorbers,[135] and microelectromechanical systems.[136]

Bistability and multistability in mechanical metamaterials typ-
ically arise from geometry-induced frustration in the forms of
constrained beams, double-curved shells, and mechanism-based
units, where certain geometric or mechanical constraints are in-
herently in conflict to prevent the switching between different
stable states. Kirigami, emerging as a promising framework for
designing metamaterials, has further enriched the possibility of
constructing multistable materials.
Materials with auxetic properties exhibit the unconventional

characteristic of thickening upon stretching due to their neg-
ative Poisson’s ratio, making them ideal for designing shape-
transforming metamaterials. Yet, many auxetic designs are
monostable, reverting to their original configuration once the
load is removed. Inspired by ancient geometric motifs, Figure 7A
demonstrates a class of switchable architected materials exhibit-
ing auxeticity and structural bistability simultaneously.[53] This

design consists of a system of reentrant units connected by an
array of rotating triangles or squares via compliant hinges. The
reentrant units induced geometric frustration confers the struc-
tural bistability, whereas the cooperative rotation of the rotating
units imparts the auxeticity. The tunable bistability and auxetic-
ity are dictated by the geometry of the reentrant units, rotating
units, and compliant hinges. Remarkably, thismechanism is also
exploited to realize bistable shape-morphing structures, as illus-
trated in Figure 7B.[137] Empowered by an inverse design algo-
rithm, a given target surface can be flattened into a plane en-
coded with optimized bistable auxetic cells. This structure is first
manufactured in a flat form using an elastic material. Then, by
using the bistable mechanism inherent to the individual cells,
it can be deployed to achieve the desired double-curved shapes.
Importantly, the bistability allows for the structure to be deployed
without requiring intricate external supports or restrictive bound-
ary conditions.
This bistable building block can be further employed to mimic

material-level phenomena usingmacroscopically architectedma-
terials. Transition fronts propagating through solids and fluids
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are ubiquitous in natural materials systems with nonconvex en-
ergy landscapes. Kirigami-based metamaterials with tailorable
energy landscapes are capable ofmimicking this phenomenon in
various dimensions at the structural level.[77] In contrast to mate-
rials, the structural analogs allow for precise manipulation of the
direction, shape, and speed of the transition front by strategically
adjusting the geometry and energy landscape of the fundamental
building blocks, as well as employing the interaction of transition
fronts with lattice defects. As shown in Figure 7C, themultistable
1D network can automatically transform from a strained equilib-
rium state of higher strain energy to the unstrained ground state
under certain perturbations, and the transition front in 2D struc-
ture can be further controlled via spatially introduced lattice de-
fects. The same principles can be applied to 3D unit cells, which
widens the untapped design space for reconfigurable structures
and guided motions in various environments.
The self-folding of complex structures from flat states provides

the potential to infuse various surface-related functionalities into
the resulting 3D devices. However, most existing methodolo-
gies are constrained to simple folding sequences, specific mate-
rials, or large lengthscales, making them unsuitable for design-
ing microscale metamaterials and devices with complex geome-
tries. Figure 7D presents amechanical self-folding technique that
only requires global stretching for activation to create self-folding
origami structures.[138] This structure is composed of a multi-
stable kirigami element bonded to an elastic layer, both of which
extend upon stretching. However, they respond differently when
the stretch is removed. The elastic layer naturally tends to revert
to its original length, but the bistable kirigami element cannot
deform back by itself. This inability stems from an energy bar-
rier caused by geometric frustration, resulting in the kirigami
element being folded out-of-plane by the elastic layer. Thereby,
the folding angle of each element can be readily programmed by
tuning the geometry of the kirigami pattern and the dimension
of the elastic layer. Tesselation of these elements in a modular
manner enables the creation of multiple complex 3D structures
at various length scales.
A vast majority of structures attain multistability through the

integration of multiple bistable units in parallel or series config-
urations; few exhibit multistability at the single-unit level. Fold-
ing and cutting add a new dimension to creating multistable de-
signs. As demonstrated in Figure 7E, a kirigami cuboid presents
tristability from the strategically designed hinges.[139] Unlike con-
ventional multistable structures comprising an array of bistable
units, the kirigami cuboid exhibits generic tristability by itself.
The kirigami cuboid consists of 18 rigid facets connected via
three types of hinges, all of which remain unstretched in the
three stable states. However, during the transition between the
three stable states, at least one type of the hinges is under tension,
leading to a triple-well energy landscape with zero energy at the
minimum. Tessellating the units in series results in a new family
of metamaterials with an exponentially increased number of sta-
ble states. This tristable unit has been further developed to create
frequency-reconfigurable antennas suitable for 5G communica-
tion. The design is capable of achieving operation frequencies
centered at 4.84, 3.48, and 2.58 GHz, respectively.
Another form of kirigami structures only shows multista-

bility under certain conditions. As depicted in Figure 7F, the
kirigami sheet with linear parallel cuts exhibits different buck-

ling modes under stretching, i.e., symmetric, asymmetric defor-
mation, and the coexistence of both.[75] These modes are deter-
mined by the geometry of the cuts and can be reversibly switched
by external perturbations such as mechanical indentation. By
locally and reversibly switching the deformation mode of unit
cells, the material stiffness can be precisely programmed. Fur-
ther, the use of bistable kirigami design in combination with
reflective coating and thermally responsive materials paves the
way for designing energy-neutral, environmentally responsive
building envelopes,[140] where kirigami sheets can spontaneously
switch the tilting direction in response to changes in environ-
mental temperatures.

4. Prospective

The kirigami approach has substantially enriched the design
space of 2D sheets, enabling a broad range of properties that
were previously inaccessible. By integrating the kirigami princi-
ples with cutting-edge manufacturing techniques and advance-
ments in materials science, one can achieve solutions that are
flexible, adaptable, and transformative. This not only broadens
our understanding of material manipulation but also paves the
way for the development of innovative products for real-world ap-
plications. As research in this area progresses, kirigami-inspired
metamaterials will reshape the landscape of several scientific do-
mains.
First, kirigami-inspired metamaterials could potentially serve

as platforms for mechanical computing and information pro-
cessing. Mechanical computing and information processing is
an emergent field that uses mechanical mechanisms and asso-
ciated non-linearities instead of digital electronic hardware to
compute and process information.[141–143] Recent research has
revealed that crumpled sheets and amorphous media can en-
code memory effects and emergent computing capabilities but
are difficult to control due to the highly disordered geometry of
these systems.[144,145] Kirigami, with its rich nonlinear mechan-
ical behaviors, well-prescribed deformation mechanisms, and
readily programmable geometries, emerges as a promising al-
ternative. Due to the tessellated nature and the programmable
non-linearity of kirigami, each periodic unit could be engineered
as a mechanical bit. The intricate interaction between these units
makes kirigami a promising framework to store and process cer-
tain information and realize mechanical counting and comput-
ing (Figure 8A). This principle could pave the way for the design
of purely mechanical automata without any electronics, facilitat-
ing the development of robots that operate in hazardous envi-
ronments where sparks could trigger explosions, or for medical
robots that navigate within the human body without the need for
any batteries.
Another promising direction lies in the design of intelligent

materials that are capable of adjusting their mechanical prop-
erties in response to various stimuli, inferring, and adapting to
environments. For instance, the deformation of the kirigami is
primarily dictated by the cut pattern. Once an array of cuts are
introduced to the sheets, their mechanical property cannot be
changed significantly. However, by integrating the kirigami prin-
ciples with self-healing materials, certain cuts can be selectively
healed and re-sutured under specific stimuli. This would signifi-
cantly alter the response of the kirigami sheets, allowing them
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Figure 8. Potential applications and future advancements of kirigami. A) The tessellated nature and the programmable non-linearity of kirigami promise
the potential for mechanical computing and information processing. B) Kirigami-inspired metamaterials exhibit tailored intelligence, allowing them to
adapt their physical properties in response to environmental changes. C) Owing to its versatility and adaptability, kirigami could be a promising platform
for designing sustainable devices.

to adapt to complex environments for more sustainable func-
tions (Figure 8B). Jolly et al.[146] have demonstrated that a gener-
alized kagome lattice, fabricated from shape memory polymers,
can effectively decouple the topological response of a dynamic
metamaterial from its kinematic stress history. This decoupling
is pivotal for potential applications in devices such as switchable
acoustic diodes and tunable vibration isolators. Yet, these initial
explorations represent merely a fraction of the conceivable de-
sign space.
Furthermore, kirigami has the potential to foster the develop-

ment of energy-efficient and eco-friendly devices. For instance,
the exceptional stretchability, adaptability, and conformability of
kirigami could be leveraged to design smart building envelops ca-
pable of self-cooling[140,147,148] (Figure 8C), large-scale structures
that facilitate water collection in open environments,[37,149] and
light-responsive solar panels that can automatically track sun-
light to maximum the efficiency.[150] Additionally, by integrating
physical intelligence into kirigami-based metamaterials and con-
structing them using biodegradable materials, one can reduce
the electronic waste in certain devices, such as soft robotics and
medical devices, steering us toward a more sustainable future.
Nevertheless, bridging the gap between these innovative design
principles and their practical implementation remains a signifi-
cant, yet unresolved challenge.
While the strategically designed cuts grant kirigami struc-

tures high levels of flexibility, stretchability, adaptability, and
conformability, they also compromise the mechanical proper-
ties of the structures. Maintaining the distinctive properties of
kirigami without sacrificing strength and robustness remains a
significant challenge. Efforts have been made to overcome these
challenges by utilizing nacre-inspired strategies[38] and integrat-

ing self-locking mechanisms[151] to achieve a high mechanical
strength-to-weight ratio or using geometrical optimization to en-
hance durability.[152,153]

Lastly, most of the demonstrations of kirigami structures are
laboratory prototypes that are far from large-scale production and
commercialization, where manufacturability, gravity, and cost
will play important roles. So far, the constituent material’s in-
trinsic properties have been overlooked in many kirigami de-
signs. Addressing these challenges necessitates a convergence
approach that brings together materials scientists, mechanical
engineers, electrical engineers, computer scientists, and design-
ers all together.
This paper has outlined the basic mechanisms of kirigami and

reviewed a range of promising applications, but the field is evolv-
ing and has vast potential. Our objective is to provide a glimpse
into the versatility and scope of kirigami-inspired metamaterials.
We hope that the fundamental mechanisms and unique prop-
erties of kirigami, along with the representative applications we
reviewed here, will inspire the discovery of novel metamaterials
and encourage the community to address the challenges posed
by real-world applications.
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