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Abstract

Kirigami, known for its ultra-softness, ultra-lightness, and high stretchability, is at the forefront of research in
advanced materials and structural design. However, its inherent flexibility and sensitivity pose significant
challenges for mechanical characterization, as conventional rigid-body assumptions are inadequate. Key hurdles
include developing flexible tensile mechanics and designing high-curvature structures to prevent fracture at cut
edges. Despite advancements in nanoscale synthesis and large-scale deployable kirigami systems that enhance
geometric and material design, the lack of robust models to describe complex in-plane and out-of-plane buckling
under extreme conditions hampers further theoretical and applied progress. Current reciprocal mechanics theories
struggle to capture the nonlinearities, multi-stability, and asymmetry characteristic of kirigami deformation. Static
nonreciprocity offers a promising alternative by distinguishing forward and reverse mechanical responses, breaking
time-reversal symmetry, and providing deeper mechanical insights. Moving forward, establishing a framework
based on nonreciprocal properties will be essential to overcoming existing challenges, driving breakthroughs in
kirigami mechanics, and enabling innovative applications in areas such as soft robotics, deployable systems, and
flexible electronics.
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INTRODUCTION

With the rapid advancement of cutting-edge technologies, the operational environments for engineering
materials, structural systems, and high-end equipment have become increasingly complex". This often
requires the evaluation of mechanical responses under extreme conditions. To meet the stringent
requirements of unconventional service environments, a diverse array of advanced materials and structures
with extreme physical properties has been developed. These include ultra-soft, ultra-light, highly sensitive,
and highly stretchable materials, as well as those exhibiting novel anomalous physical effects™”. Kirigami, a
traditional paper-cutting art form celebrated as a cultural treasure, has recently found applications in
scientific research. Kirigami-based metamaterials exhibit a unique set of exceptional properties, including
extensive elastic tunability, remarkable stretchability, ultra-softness, ultra-lightness, and high sensitivity,
along with diverse geometric and topological transformations**. The fabrication of kirigami metamaterials
is relatively simple and scalable, enabling large-scale production. Moreover, these materials possess distinct
mechanical features such as reconfigurability, self-assembly, and multi-stability'®. As a result, kirigami
metamaterials have emerged as a frontier of research in advanced solid materials and structures, offering
programmability and a wide range of potential applications beyond the capabilities of conventional
materials"®'".

Kirigami, as a prominent class of advanced structural materials, is rapidly advancing towards enhanced
lightweighting, flexibility, integration, functionalization, and intelligence. In this context, the application
scope of kirigami metamaterials has expanded significantly, ranging from highly stretchable kirigami
devices on the atomic scale to large-scale deployable metamaterials and mechanisms with exceptional
packing efficiency [Figure 1], The inherent multiscale characteristics of these structures span several
orders of magnitude"**', establishing kirigami metamaterials as an effective design strategy for modulating
and enhancing the key mechanical properties of materials and structures. For instance, in soft robotics,
kirigami structures enable the design of grippers and actuators that combine precise control and
adaptability, offering solutions for manipulating delicate objects or operating in confined, unstructured
environments. In deployable systems, their geometric tunability allows for highly efficient packing and
reliable reconfiguration, making them ideal for space-based technologies such as solar arrays and antenna
systems. Furthermore, in flexible electronics, kirigami metamaterials facilitate the creation of highly
stretchable and durable wearable devices, foldable displays, and energy-harvesting systems by integrating
electrical conductivity with mechanical resilience. Currently, researchers have underscored the importance
of giving equal priority to the geometric and material design aspects of kirigami metamaterials**. By
leveraging interdisciplinary insights from physics, chemistry, biology, and materials science, this field seeks
to elucidate the mapping relationships between critical scientific problems across domains and the unique
mechanics of kirigami metamaterials. Such an interdisciplinary approach is poised to inject fresh
momentum into the advancement of kirigami metamaterials, paving the way for novel applications in areas
such as tunable advanced metamaterials, soft robotics, microelectronic devices, nanocomposites,

[25-27]

triboelectric generators, solar photovoltaics, and stretchable electronics®*”..

To accurately characterize the cross-scale, multi-level, ultra-soft, highly sensitive, and stretchable
mechanical behaviors of kirigami metamaterials under complex conditions, there is an urgent need for a
new conceptual framework. This framework should incorporate appropriate loading and deformation
parameters, along with the nonlinear and asymmetric interactions between material and structural
properties. Addressing the limitations of current models and design paradigms is crucial for advancing
kirigami metamaterial mechanics and enhancing their engineering applications. Furthermore, this research
direction challenges foundational concepts in related fields such as extreme materials, structural mechanics,
and metamaterials. A thorough understanding of in-plane tensile mechanics is crucial for exploiting the
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Figure 1. Multiscale properties and deformation modes of kirigami metamaterials. Nanoscale"™: Graphene kirigami enables the
fabrication of resilient, tunable microscale structures with customizable mechanical properties, exploiting the unique bending stiffness of
the material; Sub-microscale"™: A kirigami-inspired approach enhances the elasticity and multifunctionality of nanocomposites, enabling
predictable tensile behavior, high strain tolerance, and stable electrical conductance, with applications in stretchable electronics and
plasma-based devices; Micron-scale!™: Microscopic kirigami-based metasheet robots enable electronically configurable shape
morphing, achieving dynamic locomotion and programmable deformation, with potential applications in reconfigurable micromachines
and biomedical devices; Millimeter-scale"™: Kirigami-patterned soft grippers enable precise, rapid, and scalable object manipulation,
offering modular and remotely actuated solutions for robotics, haptics, and biomedical applications; Centimeter-scale™: Kirigami-based
metamaterials enable rapid, reversible shape morphing with load-bearing capacity and self-healing properties, facilitating
multifunctional soft robots that autonomously reconfigure for diverse tasks; Decimeter-scale!™: Bioinspired kirigami metasurfaces on
footwear outsoles enhance friction and grip, reducing the risk of slips and falls, particularly on slippery surfaces such as ice; and Meter-
scale!: Soft deployable reflectors based on kirigami/origami structures enable large-scale, compact beam steering mechanisms,
suitable for applications in sensing, imaging, and solar tracking.

exceptional properties of kirigami metamaterials. Key research areas include the study of in-plane and out-
of-plane tensile buckling instabilities, as well as the analysis of local-global coupled buckling mechanics
under strain constraints. These aspects are essential for developing a robust mechanical framework for
kirigami metamaterials. Many of the extreme properties of kirigami metamaterials stem from their static
nonreciprocal mechanisms®. Current mechanical theories have difficulty fully capturing the complex
behaviors seen during deformation, including strong geometric dependencies, pronounced nonlinearities,
buckling instabilities, and multi-stability®. Thus, exploring the mechanics of kirigami metamaterials
through the lens of static nonreciprocity is imperative. In this Perspective, we aim to exploit nonreciprocal
mechanisms to address challenges related to deformation processes and different modes of buckling
instability. By doing so, we seek to pave the way for a deeper understanding and broaden the application
potential of kirigami metamaterials across diverse scientific and engineering domains.

RECENT ADVANCES IN KIRIGAMI METAMATERIALS

In-plane flexible stretching of kirigami

Early research on the flexible stretching of kirigami metamaterials predominantly centered on the analysis
. This involved leveraging data from tensile experiments
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of their in-plane tensile behaviors [Figure 2]'
and numerical simulations to explore the scaling laws that effectively establish dimensionless geometric
variable relationships within the design space of kirigami metamaterials. Such investigations have shed light
on the evolution of critical in-plane mechanical properties, such as stiffness, as influenced by geometric
configurations. However, the common use of linear cut designs has often resulted in severe stress
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Figure 2. (A) In-plane deformations of kirigami metamaterials during the initial phase, as shown in the force-displacement curve. This
stage is characterized by buckling bifurcations and the transition from 2D to 3D microstructures”®; (B) In-plane deformations of thicker
kirigami metamaterials, where the structural thickness is ten times the beam width to prevent out-of-plane buckling, satisfying the plane
strain condition”"*.

concentrations at the cut edges, leading to catastrophic fracture failures. To address this issue, innovative
deformation strategies, particularly those based on curved cut designs, have become an urgent area of focus
for advancing the field™**.

Specifically, scaling analyses provide a quantitative framework for describing these metamaterials, effectively
revealing the underlying physical principles and mechanical behaviors throughout the tensile process,
particularly focusing on in-plane stretching. Beam model-based theories, which consider bending,
membrane, and shear deformation energies, utilize energy and variational principles to derive closed-form
solutions for essential mechanical properties such as stiffness, flexibility, and ductility. This approach offers
a precise method for analyzing the in-plane tensile mechanics of kirigami metamaterials. The initial
development of scaling laws for kirigami metamaterials identified three distinct phases in tensile mechanical
response: the initial phase, the softening phase, and the hardening phase, as illustrated in Figure 2A"™. The
transition from the initial phase to the softening phase is governed by buckling bifurcations, enabling the
formation of buckled microstructures transitioning from two- (2D) to three-dimensional (3D). The
hardening phase emerges when the deformation mode shifts from bending-dominated to stretching-
dominated behavior. Despite these findings, the mechanical responses in the softening and hardening stages
were predominantly investigated through experimental methods. Additionally, scaling laws were applied to
quantitatively describe the in-plane stiffness of specific kirigami structures**". In advancing the framework,
a scaling analysis approach was formulated to address in-plane deformation exclusively, with structural
thickness set at ten times the beam width to prevent out-of-plane buckling, satisfying the plane strain
condition [Figure 2B]"”. Extending the unit cells horizontally and vertically resulted in the formation of
periodic kirigami metamaterials. Building on these principles, a model based on curved beam theory and
plane strain elasticity was developed to capture the in-plane tensile mechanics of 1D periodic kirigami
metamaterials with curved cuts”**”. Exact closed-form solutions were obtained for stiffness, flexibility, and
ductility across various dimensionless geometric parameters. Validation through molecular dynamics
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simulations, finite element analyses, and experimental testing confirmed the accuracy and robustness of this
framework™. The introduction of complex curved designs significantly expanded the structural design
space, providing multiple degrees of freedom and enabling optimized configurations tailored to specific
mechanical requirements"’.

Out-of-plane multimodal instability of kirigami

The analysis of out-of-plane tensile buckling instability in kirigami metamaterials has primarily relied on
empirical design approaches, including scaling analyses, simulations, and experimental studies, to elucidate
the formation mechanisms of buckled structures [Figure 3]°**. Despite these efforts, there remains a
significant gap in reliable mechanical models to address key challenges, such as the diverse buckling modes
induced by tensile loading, the critical conditions for mode transitions, and the extreme elasticity observed
in post-buckling deformation. There is a pressing need for comprehensive research into the mechanics of
buckling instability in kirigami metamaterials.

Existing models of in-plane tensile mechanics can effectively predict critical mechanical metrics such as
stiffness, flexibility, and ductility. However, these models are generally applicable to thicker kirigami
metamaterials or limited to the initial response phase of thin structures where buckling is considered”". For
thin kirigami metamaterials, the triggering mechanisms of buckling instability, the formation of post-
buckling configurations, and the ultimate deformation limits remain inadequately characterized. Recent
findings indicate that elastic kirigami metamaterials display a wide range of buckling modes, as shown in
Figure 3, including both symmetric and asymmetric configurations®”. Theoretical exploration of tensile
buckling instability has largely employed beam, plate, and shell models, utilizing energy principles and
variational methods to analyze critical parameters such as buckling force, buckling displacement, and post-
buckling evolution. In beam-based analyses, a skewed beam approach has been used to describe the total
potential energy for symmetric buckling, leading to the derivation of a scaling law for the critical buckling
force". A sinusoidal beam theory has also been applied, focusing on the overall energy considerations
without distinguishing between symmetric and asymmetric buckling, resulting in a direct scaling law for the
critical buckling force'*. For plate models, the Foppl-von Karman theory has been extended to investigate
buckling instability, albeit limited to specific kirigami frameworks'*". The critical buckling displacement has
been represented using scaling laws. Further advancements include the study of local buckling instability at
cut edges, where the local post-buckling behavior has been modeled as an e-cone shape under isometric

42,43

constraints'*>*!. By neglecting the contribution of membrane energy and applying isometric mapping, both
the first and second fundamental forms of the deformed surface were derived, incorporating normal
curvature. A governing equation for normal curvature was formulated based on the boundary conditions.
In the context of shell models, the instability mechanics of kirigami metamaterials have been examined for
both symmetric and asymmetric buckling modes". Under tensile loading, the complex central deformation
of the symmetrically buckled kirigami structure was equivalently modeled as an inverse bending problem of
a cylindrical shell. By specifying the driving moment of the cylindrical shell, the elastic deformation energy
was calculated, and using energy principles and variational methods, expressions for critical buckling stress

and strain in both symmetric and asymmetric buckling modes were derived.

However, the buckling instability behavior of kirigami is often constrained by geometric symmetry designs
and minimum energy principles, resulting in buckling modes being limited to symmetric and
antisymmetric forms"**. These limitations not only reduce design flexibility but also restrict its potential
for broader functional applications. The introduction of deep learning technology provides a powerful tool
for overcoming these bottlenecks [Figure 4]. In particular, convolutional neural networks (CNNs) and
recurrent neural networks (RNNs), known for their advantages in handling complex nonlinear problems,
have become an efficient tool for the analysis and design of kirigami buckling behavior. Specifically, CNNs
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Figure 3. Geometric design and tensile instability modes of kirigami®”’.Illustration of the different buckling modes in kirigami
metamaterials under tensile loading, including symmetric and asymmetric configurations, with emphasis on how geometric design
influences buckling behavior. The scale bars represent 5 mm. Color bar represents the magnitude of von Mises stress normalized by the
material’s elastic modulus.

can be employed to classify buckling modes of kirigami under different geometric designs, encompassing
symmetric, antisymmetric, and asymmetric buckling behaviors*”. Through high-precision recognition of
buckling modes, designers can rapidly identify geometric parameters associated with desired performance.
Meanwhile, RNNs excel in predicting the constitutive relationships of materials during stretching and
buckling processes™. By integrating experimental data and geometric information, RNNs accurately
forecast the mechanical responses of materials under various loading and deformation conditions, thereby
offering theoretical support for programmable kirigami design. The use of deep learning not only expands
the buckling mode space of kirigami, but also highlights the critical influence of geometric parameters on
buckling behavior. Certain geometric parameters significantly enhance the sensitivity of buckling modes,
enabling controllability, while others render the buckling modes stable or even inert. This geometry-
dependent behavior provides valuable guidance for target-driven designs, allowing kirigami to balance
tensile performance and buckling behavior, thereby meeting diverse functional requirements.

Multimodal instability of kirigami under strain constraints

The study of buckling instability in kirigami metamaterials under strain constraints has primarily focused
on surface instability evolution, such as wrinkling and warping**. However, the potential for
multifunctional integration in kirigami metamaterials has not been fully explored, and there is a lack of a
mechanical design paradigm that incorporates high flexibility, high ductility, high compressibility, and
multifunctional integration. There is an urgent need to explore new types of kirigami metamaterials or
mechanisms that simultaneously feature extreme properties and multifunctional integration. Strain
constraint is a common design strategy in the buckling instability mechanics of thin film/substrate
structures™. Through strain-constrained design, 3D configurations are formed on the surface, which can
impart unique physical properties to the surface and have a wide range of applications in modern
technology. As the scope of research continues to expand, the introduction of kirigami patterns into thin
films or substrates, combined with strain-constraint strategies, has led to the development of strain-
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Figure 4. Deep learning-based framework (CNN + RNN) for kirigami design”’.(A) Kirigami dataset and neural network modeling,
where CNNs classify geometric configurations and buckling modes to extract key design parameters; (B) Parameter design through
forward and target-driven approaches to optimize geometric configurations for enhanced mechanical behaviors such as improved
buckling modes and stability; (C) Evolving kirigami structures for specific functionalities, enabling tailored designs for improved tensile
performance, controlled buckling behavior, and expanded application potential. CNN: Convolutional neural network; RNN: recurrent
neural network.

constrained kirigami metamaterials [Figure 5]"**". These metamaterials are no longer limited to simple thin
film/substrate models, enabling extreme mechanical behaviors with high flexibility, ductility,
compressibility, and multifunctional integration. Nonlinear numerical simulations have been employed to
develop models for plane strain beams of kirigami metamaterials, revealing potential buckling instability
behaviors under flexible substrate strain constraints. These simulations can then be applied to interface
smart adhesion”". Other research has focused on designing microstructures for flexible substrates and
constructing strain-constrained kirigami metamaterials®>*. In these structures, substrates with
microstructures are placed on rigid supports, while thin films are adhered to the substrates. When strain is
applied along the horizontal direction, the surface exhibits a sinusoidal wrinkling pattern. In this structure,
the Foppl-von Karman equation is used to describe the membrane deformation, while the Winkler
foundation is employed to simulate the kirigami substrate. Additionally, thin films with kirigami patterns
can adhere to pre-stretched flexible substrates, and under strain constraints, the resulting kirigami
metamaterials exhibit bistability, multi-stability, and self-assembly characteristics*****. By designing
different kirigami patterns for the thin films, the buckling instability modes of the kirigami metamaterials
under strain constraints become highly diverse, offering a new paradigm for the mechanical design of
metamaterials®™.
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Figure 5. Multimodal instability of kirigami metamaterials under strain constraints[%‘m.Buckling behaviors, including wrinkling,
bistability, and multi-stability, emerge in kirigami metamaterials under strain constraints, showcasing their potential for extreme
flexibility, ductility, and multifunctional integration.

Static nonreciprocal kirigami via nonlinear instability

The behaviors of kirigami metamaterials are strongly influenced by mechanical directionality, exhibiting
distinct responses in the forward and reverse processes [Figure 6A and B]***. Additionally, this is
accompanied by the coupling of constitutive material properties and geometric symmetry*. Research on
the tensile instability of static nonreciprocal kirigami metamaterials has primarily concentrated on simple
in-plane deformation modes. This narrow design space significantly limits the ability of kirigami
metamaterials to break the time-reversal symmetry and the topological protection of microstructural
reversibility. The lack of consideration for diverse nonlinear buckling modes, which induce substantial
nonreciprocity, hinders a full understanding of the origins of the extreme physical and mechanical
properties observed in these materials'™. Therefore, there is an urgent need to develop diverse buckling

instability theories for kirigami metamaterials based on static nonreciprocal mechanisms.

Static nonreciprocity, as an important mechanical response property, has significant potential in
applications such as tunable topological dynamic devices, energy control, soft metamaterials, imaging
technology, soft robotics, and microelectronics, drawing considerable attention from the scientific
community”®. Currently, the design of kirigami metamaterials provides a powerful means of achieving
static nonreciprocity, and more importantly, the development of a mechanics model for kirigami
metamaterial based on static nonreciprocal mechanisms is also progressing™. A specific type of asymmetric
and highly nonlinear kirigami metamaterial, based on static nonreciprocal mechanisms, has been explored.
This kirigami structure consists of horizontal and vertical beams, with the angle of the vertical beams
controlling the symmetry of the kirigami metamaterial [Figure 6C]"*. Notably, when the angle is zero, the
structure exhibits symmetry. The system was subjected to equal magnitude reverse tensile testing, a method
commonly used to experimentally assess static nonreciprocity in certain kirigami metamaterials that are not
under compression. The experimental testing revealed significant static nonreciprocity in the displacement-
force curve [Figure 6C and D], a characteristic that directly results from in-plane snap-through buckling
instability of the microstructural vertical beams. The displacement characterization based on static
nonreciprocity is defined through both forward and reverse mechanical processes, capturing the
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Figure 6. Static nonreciprocal and reciprocity behavior of kirigami metamaterials?>*>*® (A) Static nonreciprocal and reciprocity
mechanisms of kirigami metamaterials; (B) Mechanical responses of kirigami structures differ in forward and reverse directions due to
the coupling of material properties, geometric symmetry, and nonlinear buckling instabilities; (C) Static nonreciprocity arises from in-
plane snap-through buckling of vertical beams, leading to distinct displacement-force curves. The angle of the vertical beams controls
the symmetry and nonreciprocal behavior, which is critical for applications in tunable devices and soft robotics. Nonreciprocal behavior
is analyzed using models such as the discrete spring model and in-plane tensile mechanics; (D) For reciprocal kirigami, the
displacement-force curve response is linear.

displacements at the ends of the kirigami structure in each direction and incorporating their coupling
effects. A simplified discrete spring model indicates that this displacement characteristic is the result of the
fine-tuned collaboration between structural asymmetry, material nonlinearity, and other factors"®. Further
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studies on the equivalent modulus of the kirigami metamaterials based on static nonreciprocity showed that
the discrete spring model is overly simplistic, providing accurate results only under small input forces"*. By
applying the static nonreciprocal mechanism and nonlinear beam theory, an in-plane tensile mechanics
model for kirigami metamaterials was developed, followed by a mathematical expression for the
modulus®°.

PERSPECTIVE

Challenges in designing kirigami metamaterials for large deformations with strong geometric
dependence

Kirigami metamaterials have emerged as a frontier topic in the field of advanced materials and intelligent
structures. Cutting-edge research on kirigami metamaterials has brought to light their unique deformation
characteristics under unconventional environmental conditions, including extreme softness,
hypersensitivity, super-extensibility, and complex nonlinear couplings. Consequently, elucidating the
deformation mechanisms of kirigami metamaterials and investigating the underlying principles governing
their extraordinary mechanical properties hold promise for revolutionary advances in the adaptive control
and design of materials, structures, and devices. To date, the kinematic and geometric deformation
properties of kirigami metamaterials have predominantly been analyzed under the rigid body assumption.
However, due to the unconventional service environments of these metamaterials, even slight external
perturbations can lead to substantial discrepancies between predicted behavior and actual observations. For
example, deviations exceeding 20% in kirigami metamaterial-based biological heart monitoring devices'*”.
As a result, it is essential to develop flexible tensile mechanics methodologies to counteract the adverse
effects introduced by the rigid body assumption.

Currently, the majority of kirigami metamaterial designs rely on linear incisions, which often result in
severe stress concentrations at the tips of the cuts, making these regions particularly vulnerable to fracture
and failure. To mitigate such catastrophic risks, innovative deformation design strategies, including those
based on curved cuts, are critically needed. Kirigami metamaterials with curved designs typically exhibit
high-curvature features, display multiple topological transformation modes, and interact strongly with
regions of high curvature [Figure 2]. The pronounced nonlinear response of the material and its strong
dependence on geometric configuration further complicate the formulation of a scientific framework for
flexible tensile mechanics, thereby hindering practical engineering applications. This challenge constitutes a
major technical bottleneck in the development of kirigami metamaterials. Therefore, resolving the design
challenges and flexible tensile mechanics issues inherent to kirigami metamaterials is an urgent priority and
remains one of the most critical fundamental scientific problems in this field.

The critical need for reliable models in multimodal in-plane and out-of-plane instabilities of kirigami
Kirigami metamaterials exhibit versatility across a wide range of scales, from the atomic level to large-scale
deployable structures for space applications, highlighting their immense potential [Figure 1]. However,
these studies reveal significant scientific challenges, particularly in understanding and controlling buckling
instabilities within kirigami metamaterials. Currently, most researches on their buckling behavior rely on
empirical design approaches rooted in experiments, simulations, and scaling analyses. As a result, critical
aspects such as stiffness variations, mechanisms triggering buckling, and the progression of post-buckling
instabilities remain insufficiently understood.

While some researchers have posited that kirigami metamaterials only exhibit out-of-plane buckling with a
single mode, the reality is far more nuanced. In practice, diverse nonlinear buckling modes, including both
in-plane and out-of-plane deformations, are central to the mechanical behavior of kirigami metamaterials
[Figures 3-6]. Therefore, analytical methods, such as symmetric and antisymmetric buckling analysis,
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should be chosen carefully. Kirigami metamaterials are typically characterized by a set of dimensionless
geometric parameters defining the design space. Of these parameters, the dimensionless thickness is
particularly influential in determining buckling behavior. When the dimensionless thickness exceeds a
critical value, the material primarily undergoes in-plane deformation, including phenomena such as in-
plane snap-through instability. Conversely, when the dimensionless thickness falls below this critical
threshold, in-plane deformation is followed by out-of-plane buckling at a critical bifurcation point. The
deformation and buckling processes involved are highly intricate, encompassing various nonlinear buckling
modes (e.g., lateral buckling, surface wrinkling, snap-through instability). The precise conditions that
initiate transitions between these modes remain poorly understood, as do the effects of initial boundary
conditions, geometric and material symmetries, sensitivities, and underlying energy mechanisms.
Addressing these gaps requires a comprehensive understanding of the onset, diversity of modes, and post-
buckling evolution patterns of kirigami metamaterials, along with the development of effective control
strategies. The in-plane and out-of-plane buckling instabilities of kirigami metamaterials present substantial
scientific challenges within this field. Resolving these complexities is critical for advancing the fundamental
understanding and practical applications of kirigami metamaterials.

Challenges of nonlinear and asymmetric behavior in kirigami: the need for static nonreciprocal
mechanisms

In elastic materials and structures, reciprocity (also known as Maxwell-Betti reciprocity or the reciprocal
theorem) is a fundamental principle rooted in Noether’s theorem, which states that each symmetry
corresponds to a conservation law, and vice versa. The Maxwell-Betti theorem [Figure 6] is mathematically
formulated as:

Foup, = Fyusy (1)

where F, (F;) is the applied force at point A (B) and u,, (u5,) is the displacement at point B (A) induced by
F, (F;). This principle provides a robust framework for solving problems in elasticity theory. Static
nonreciprocity (F,ug, # Fyu,;) refers to the phenomenon where force transmission is unimpeded in the
forward mechanical process but significantly hindered in the reverse process [Figure 6]. In simpler terms, if
a material or physical entity exhibits different deformation behaviors in one direction compared to the
opposite direction, this is termed a static nonreciprocal mechanism (i.e., the mechanical responses differ
between forward and reverse processes). The static nonreciprocal mechanism differentiates between
forward and reverse mechanical processes, revealing deeper mechanical insights that traditional theories for
kirigami metamaterial (which do not distinguish between forward and reverse processes) and existing
research methodologies fail to uncover. Design methods inspired by static nonreciprocal mechanisms are
becoming a focal point in the field of extreme property materials and metamaterials.

As the applications of kirigami metamaterials continue to expand, they encounter increasingly complex and
extreme service environments. Conventional mechanical analysis methods for kirigami metamaterials
struggle to fully capture their new characteristics, such as pronounced asymmetry and nonlinearity. These
methods fall short in accurately explaining the complex mechanical behaviors involved during deformation,
including strong geometric dependence, significant geometric and material nonlinearity, instability
phenomena (e.g., lateral buckling, surface wrinkling, snap-through instability), and multistable states
(including bistability). Additionally, reciprocity is an intrinsic property of materials and structures,
protected by time-reversal symmetry and the reversibility of microscopic structures. Breaking these two
symmetries to achieve static nonreciprocity and thereby realize extreme physical properties in kirigami
metamaterials is extremely challenging.



Page 12 of 15 Wang et al. Soft Sci. 2025, 5, 19 | https://dx.doi.org/10.20517/ss.2024.73

Moreover, research on static nonreciprocal kirigami metamaterials must consider the coupling of physical
quantities during forward and reverse mechanical processes and special forms of energy [Figure 6]. This
poses significant challenges not only for formulating the control equations for buckling and instability but
also for solving them effectively. Current studies based on static nonreciprocal mechanisms primarily focus
on simple in-plane deformation modes. This narrow design space restricts the ability of kirigami
metamaterials to overcome the topological protection imposed by symmetry, neglecting the substantial
contributions from various nonlinear buckling instability modes (such as in-plane, out-of-plane buckling,
symmetric and antisymmetric buckling, lateral buckling, surface wrinkling, and snap-through instability).
Consequently, existing approaches fail to fully capture the extraordinary physical properties and mechanical
characteristics of kirigami metamaterials, which go beyond those of conventional materials and structures.

Therefore, it is imperative to establish a comprehensive design theory and solution framework for kirigami
metamaterials based on the static nonreciprocal mechanism. Expanding the design space through features
such as high curvature is crucial, as it allows for a significant enhancement of nonlinearity and sensitivity in
mechanical systems by leveraging diverse buckling instability modes. Achieving an accurate characterization
of both in-plane and out-of-plane buckling instabilities is necessary to uncover the origins of the extreme
mechanical phenomena and laws governing kirigami metamaterials. While the current manuscript
introduces the potential of static nonreciprocal mechanisms in addressing these challenges, future research
should focus on developing analytical and computational models that integrate the coupled effects of
geometric configurations, material properties, and boundary conditions under extreme operating
environments. Additionally, exploring programmable designs that actively utilize multimodal instabilities
could open new pathways for dynamic control and reconfigurability in kirigami systems. Investigating
interdisciplinary approaches, such as combining deep learning and multiscale simulation techniques, may
further accelerate breakthroughs in understanding and applying these metamaterials. Enhancing this
forward-looking perspective will not only address unresolved challenges but also set the stage for novel
applications, thus reinforcing the cutting-edge nature of this research.

CONCLUSIONS

In summary, the challenges posed by in-plane and out-of-plane buckling instabilities in kirigami
metamaterials are unavoidable and require urgent resolution. Despite the significant difficulty, advancing
the study of buckling instabilities based on the static nonreciprocal mechanism is essential. Key issues
include understanding the in-plane tensile mechanics, out-of-plane buckling behavior under tensile loading,
and buckling instability under strain constraints, along with the tensile-compressive characteristics of
kirigami metamaterials. These areas are critical to developing a deeper understanding of the buckling
mechanisms in kirigami metamaterials and must be addressed systematically. Notably, the development of
flexible tensile mechanics methods to rigorously mitigate the limitations of the rigid body assumption is
widely recognized as a bottleneck issue in this field. In addition, in the context of extreme service
environments, the occurrence of diverse nonlinear buckling instability modes (both in-plane and out-of-
plane) and the unique conditions that trigger these instabilities present significant challenges. The absence
of effective mechanical models has become a major obstacle in establishing a comprehensive mechanical
theory for kirigami metamaterials. Although progress has been made in the study of kirigami metamaterials
under the framework of reciprocity, there remains a considerable gap between current research outcomes
and practical requirements. In contrast, the static nonreciprocal mechanism distinguishes between forward
and reverse mechanical processes, uncovering deeper insights into the tensile and buckling instability
behaviors of kirigami metamaterials. However, foundational research in this area is still relatively
underdeveloped, and there is an urgent need to establish relevant design theories and solution frameworks.
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Furthermore, the actuation methods of kirigami metamaterials play a crucial role and deserve greater
attention in future research. Actuation can be achieved through various physical methods such as magnetic
actuation, electrical actuation, and light-driven actuation. Incorporating these strategies not only enhances
the versatility of kirigami metamaterials but also enables dynamic control of their mechanical properties
and deformation behaviors under different conditions. We propose that future studies explore these
actuation methods in depth, with a focus on integrating them into the development of advanced design
frameworks for kirigami metamaterials. This addition would provide a more comprehensive outlook and
further broaden the application potential of these materials.
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