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ARTICLE INFO ABSTRACT

Keywords: The design of multistable metamaterials has predominantly relied on trial-and-error strategies and geometry-

Metafnate.r%als specific optimization, limiting systematic exploration of design spaces. Despite numerous reported architec-

y“h‘;_tﬁb‘hty tures, unified approaches for the generation and classification of planar and spatial multistable systems remain
istability

underdeveloped. This work introduces the Multistable Metamaterial Design Method (MSMDM), a topology-
driven generative framework for the systematic discovery, classification, and nomenclature of multistable
structures. Starting from a fundamental chiral bistable seed (Zp) and its spatial extension (Zsg), the method
employs a discrete set of seven topological transformations to reconstruct existing designs and generate new
multistable families. A key contribution is the definition of the superchirality order y, a compact descriptor that
enables consistent characterization of chirality across dimensions and captures its evolution during structural
transformations. The MSMDM is demonstrated to reproduce structures that exhibit a broad spectrum of me-
chanical responses, including monostable, neutrally stable, and countersnapping behaviors exhibiting contrac-
tion under extension. By defining unit cells through a Voronoi-based formalism, the framework ensures
compatibility with scalable planar and spatial tessellations. Overall, MSMDM establishes a unified design lan-
guage that decouples topological generation from mechanical optimization, providing a robust foundation for

Rational design
Snap-through

application-driven development in areas such as soft robotics, deployable systems, and energy absorption.

1. Introduction

Multistable metamaterials derive their anomalous mechanical re-
sponses from engineered internal topologies rather than intrinsic ma-
terial constituents [1-3]. By precisely tailoring these architectures,
exotic energy landscapes characterized by negative stiffness transitions
can be induced, where the system reversibly toggles between multiple
discrete equilibrium states [4,5]. These transitions can be triggered
through diverse external stimuli, including mechanical loading [6],
impulsive shock [7,8], internal fluidic pressure [9,10], or thermal acti-
vation [11—13]. Historically dominated by bistable configurations such
as von Mises trusses [14,15], these systems have become instrumental in
the development of deployable structures [16], high-efficiency energy
absorbers [17,18], mechanical logic gates [19—-21], and adaptive ro-
botic components [22—26].

However, the discovery of new multistable archetypes remains
largely reliant on heuristic trial-and-error or the localized geometric
optimization of pre-existing templates [27—29]. While these empirical
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approaches have successfully yielded complex behaviors such as
monostable, neutrally stable [19,30], and countersnapping responses
[13,31]. Furthermore, the implementation of these architectures has
remained predominantly restricted to planar or quasi-planar embodi-
ments, due to the inherent complexities of spatial design and the con-
straints of traditional manufacturing [32—34].

Recent breakthroughs have begun to unlock the potential of three-
dimensional (3D) multistable metamaterials [35—38], demonstrating
tunable multifunctional responses that include double-negative archi-
tectures, modular energy-dissipation systems, and chiral lattices with
coupled rotational stability [18,29,39—41]. Yet, despite these individual
advancements, the field lacks a unifying design framework capable of
bridging the gap between planar and spatial domains [2,42]. The
absence of a methodology that rationalizes chirality across dimensions
and facilitates the systematic, controlled generation of architectures has
hindered widespread industrial application and prevented the estab-
lishment of a cohesive structural taxonomy.

In prior work, we introduced a minimal Z-shaped topology as a
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foundational base for both planar and spatial Poisson’s ratio meta-
materials. This led to the development of the Planar Poisson’s Ratio
Design Method (PPRDM) [43,44] and the Spatial Poisson’s Ratio Design
Method (SPRDM) [45], which utilized a discrete set of topological
transformations to systematically map and discover Poisson's ratio
structures.

In this work, we extend the Z-base concept to the domain of multi-
stability. Although inspired by the design philosophy of the PPRDM and
SPRDM, the MSMDM differs fundamentally in its objective, design
seeds, and outputs. Whereas the previous methods target the systematic
generation of Poisson's ratio metamaterials, the MSMDM focuses on the
generation, classification, and nomenclature of multistable architec-
tures. The introduction of bistable planar and spatial seeds, state-count
prediction, multistability classification, and a dedicated naming frame-
work constitutes a distinct design methodology rather than a direct
application of the previous approaches.

We propose structural modifications to the original Z topology to
define a planar multistable seed, Zg, and its spatial counterpart, Zsz. To
establish the mechanical relevance of these seeds, we introduce an
analytical pseudo-rigid-body model (PRBM) demonstrating that appro-
priate combinations of hinge stiffnesses and stress-free hinge rotations
generate the diverse energy landscapes required for monostable, bista-
ble and quasi-zero-stiffness. Building on this mechanically validated
seed, seven topological transformations define the Multistable Meta-
material Design Method (MSMDM), a topology-driven framework for
the systematic generation, classification, and nomenclature of multi-
stable architectures. The framework complements embodiment-specific
geometric optimization by identifying candidate topologies within a
structured design space while remaining independent of the final
realization.

Additionally, the MSMDM introduces a unified classification and
naming protocol based on spatial dimensionality and a newly defined
superchirality order. This allows the tracking of chirality during struc-
tural evolution and the consistent treatment of fully three-dimensional,
rotating, and twisting systems. By integrating a Voronoi-based definition
for unit cells, the generated topologies can be systematically tessellated
into planar and spatial metamaterials. Combined with the analytical
validation provided by the PRBM, the proposed framework establishes a
physically grounded and topology-driven workflow for the design of
multistable metamaterials. Through selected examples, including
tubular, polyhedral, and countersnapping architectures, we demon-
strate its ability to reconstruct established designs while generating
novel families.

The remainder of this paper is organized as follows. First, we define
the foundational planar and spatial bistable topologies, characterizing
their fundamental kinematics as either rotational or longitudinal. The
accessible mechanical behaviors of the base topology Zp are then
analytically validated using a pseudo-rigid-body model, demonstrating
how variations in hinge stiffness and stress-free hinge rotations generate
distinct potential energy landscapes. Second, we discuss the physical
realization of multistability, outlining the accessible mechanical prop-
erties and the geometric embodiments required to achieve them. We
then establish the dimensional and chirality-based classification system,
which serves as the core of the MSMDM workflow and its seven topo-
logical transformations. This is followed by the introduction of a
rigorous naming convention and Voronoi-based tessellation protocol,
ensuring the mathematical traceability of the resulting topologies. To
demonstrate the generative power of the framework, we illustrate the
MSMDM through four distinct groups of architectures, showcasing its
ability to both recover established designs and derive novel configura-
tions. Finally, we characterize five specific applications of these multi-
stable metamaterials, highlighting the emergence of complex and exotic
mechanical behaviors facilitated by this systematic design approach.
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2. Methods

This section introduces the Multistable Metamaterial Design Method
(MSMDM), a symmetry-based framework for generating planar and
spatial multistable metamaterials from minimal chiral base structures.
The method defines dimensionality, chirality order, and a consistent
naming protocol to classify architectures generated through topological
transformations.

2.1. Zp—Z3p: Planar and spatial bistable base topologies

This work proposes a method for the design of the topology of
multistable metamaterials, based on the recently developed planar
(PPRDM) [43,44] and spatial (SPRDM) [45] Poisson's ratio design
methods. These methods rely on the use of a chiral planar topology
shaped as a Z (named Z, and Zy) and a spatial topology Zs.

A similar approach can be taken for the development of multistable
structures and metamaterials. Multistable structures can be classified by
their dimension (Section 2.4.1.) and chirality (Section 2.4.2. Chirality
and superchirality order). The presence of achiral and chiral multistable
structures shows that a chiral base can be found and used to build a
design method following the steps of the Poisson's ratio design methods.
A chiral bistable base can be used as a design base for rotational mul-
tistable structures [46] and be achiralized to obtain stepper multistable
structures [5]. The bistable planar chiral base named Z (for bistable Z)
exists as a subset of the Z topology. Zg is a three-beam structure where
the beam BB is fixed to the ground, the beam AB is has unstressed length
Lag > D and the beam AA’ is moving around a revolute joint fixed to an
arm of length L allowing the structure to exhibit rotational [47] bist-
ability (Fig. 1.a), if L = oo, then Zp behaves as stepper bistable structure
and the beam AA’, slides along a prismatic joint (Fig. 1.b).

The bistable base Zz can be extended into a three-dimensional
bistable base Zsp, and serves as a base for twisting multistable struc-
tures [48]. Zsp is composed of three beams, where BB is fixed to the
ground on a plane P;, the beam AA’ belongs to a plane P, parallel to P;
and at a distance A’B" = D, where the line (A’B’) is perpendicular to the
planes. The beam AA' is linked to a revolute joint at the point B’ rotating
around the axis (A’B). The beam AB has unstressed length L4z > D. The
three beams are linked by spherical joints at points A and B, as illus-
trated in Fig. 1.c.

2.2. Realization of monostable and multistable behavior

Multistable architectures, typically synthesized from elastic beam
networks, are categorized by two primary manufacturing strategies that
dictate their resultant energy landscapes.

The first approach utilizes pre-stressed beams [49—-52], where a
natively straight beam of initial length L; > L is subjected to an initial
deformation, via planar displacement x, to achieve a curved pose in
which the free end is located at target length L and offset h for achiral
structures actuated by a force F (Fig. 2.a), or a target length L and angle
for chiral rotational topologies actuated by a moment M (Fig. 2.b).
Pre-stressed systems are characterized by symmetric load-deflection
profiles (force-displacement or moment-angle), reflecting the balanced
strain energy of the initial state.

Conversely, pre-shaped beams [53,54] are fabricated in an intrinsi-
cally curved geometry. This configuration represents an initial state with
zero strain energy, resulting in asymmetric load-deflection behavior
(Fig. 2.c). Such asymmetry is a critical design variable; it can be lever-
aged to induce monostable snapping, where the multistable behavior is
governed by the beam's cross-sectional geometry and curvature [27,36,
55].

Within this framework, we distinguish between two classes of
monostability:
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Fig. 1. Representation of the topology of the planar base Zg as (a) a rotational bistable structure and (b) as stepper bistable structure and (c) the spatial base Zsg with

their remarkable points, beams and joints.
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Fig. 2. Geometric configurations and mechanical responses of foundational seeds: (a) Beam shape of pre-shaped and pre-fabricated beam geometries for the achiral
bistable stepper (Zp or Sp); (b) corresponding geometric archetypes for the chiral rotational seed (Zs or Rb). (c) Characterization of nonlinear mechanical responses,
showing the evolution of force-displacement and moment-angle curves across six distinct stability regimes: the diverging monostable behaviors of pre-fabricated
versus pre-shaped bistable architectures, constant force, neutrally stable, bistable snapping and countersnapping.

e Monotonic monostable structures: These possess a single stable equi-
librium and do not exhibit snapping.

e Non-monotonic (snapping) monostable structures: These exhibit a non-
negative, asymmetric load profile that results in a snapping transi-
tion. This behavior can be triggered via pre-shaping the beam or
boundary walls [56], or through external stimuli such as thermal
activation [11—-13,57] and magnetic fields [5].

Architectures possessing an infinite number of equilibrium positions
over a specific range of motion are defined as neutrally stable (Fig. 2.c).
Neutrally stable structures are a subset of zero-stiffness structures [19,
58,59] as for the zero-force structures [60—62]. These are derived
through the achiralization of the Zg base into the Ns topology (detailed
in Section 3.2.1 .). Their load-deflection curves are monotonic and
notably devoid of snapping transitions.

In contrast, bistable structures are defined by non-monotonic load-
deflection landscapes. Symmetric bistability, where the work done
during loading and unloading cycles is identical (equal areas above and
below the displacement axis), is typical of pre-stressed architectures.
Asymmetric bistability, arising from pre-shaped geometries, is marked
by disparate energy barriers for the forward and reverse transitions.
Finally, countersnapping or snap-back behaviors [13,31] emerge from the
non-monotonic interaction of constituent structural elements. These are
characterized by simultaneous jumps in both load and deflection,

representing a higher-order instability detailed further in Section 3.2.2

2.3. Analytical pseudo-rigid-body model of the Zg topology

To analytically validate the range of mechanical behaviors accessible
from the proposed Zg topology, a pseudo-rigid-body model (PRBM) is
developed [63,64]. This low-order model represents the deformation of
the compliant structure using rigid links connected by torsional springs,
allowing the influence of hinge stiffnesses and preloads on the
potential-energy landscape to be investigated.

The centerline of the pre-curved but yet undeformed beam is
approximated by the cosine profile

h X
w(x) = 3 (1 7cos(f) ) (€D)
where L is the projected beam length, h is the initial vertical distance
between the beam endpoints, and x € [0,L]. The beam is discretized into
three rigid links connected by three torsional springs, while two rigid
horizontal end segments preserve the boundary conditions, as illustrated
in Fig. 3.a,b.

The kinematics of the PRBM are governed by the vector loop-closure
equation
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Fig. 3. Analytical pseudo-rigid-body model (PRBM) used to validate the mechanical versatility of the Zg topology. (a) Cosine beam used to approximate the un-
deformed compliant beam with (b) the equivalent rigid-link model composed of three rigid links connected by three torsional springs and bounded by two rigid end
segments. (c) Equilibrium path obtained by solving the loop-closure equations during a prescribed vertical displacement u, with the support distance evolving ac-
cording to H = h — u. With representative normalized potential-energy landscapes predicted by the PRBV, illustrating monostable, bistable, quasi-zero-stiffness and
nearly neutral responses obtained through variations of hinge stiffnesses and stress-free hinge rotations.
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;Ll { sin(6;) * 0 " |H @
where Hdenotes the current vertical distance between the beam end-

points. The vertical deformation is imposed through a prescribed
displacement u, (Fig. 3.a,b.) such that

H=h-u 3

For each displacement increment, the equilibrium configuration is
determined using a continuation procedure in which the central link
orientation, 65, is treated as the continuation parameter. The remaining
link orientations, 6; and 65, are obtained by solving the nonlinear loop-
closure equations, and the equilibrium configuration is identified as the
admissible solution minimizing the total elastic potential energy.

The total elastic potential energy of the PRBM is expressed as

3
1 2
V= 12:1: ikl (¢1 - ¢i.free) (4)
where
1 =01,y =02 —01,¢p3 = 03 — 02, ()

where ¢, ... denotes the stress-free hinge rotation, which may include an
initial preload. The stress-free hinge rotations provide a compact rep-
resentation of fabrication-induced prestress, pre-shaped geometries, or
externally applied preloads, allowing different multistable embodiments
to be investigated within a common analytical framework.

The PRBM demonstrates that the proposed Zgtopology can generate
a broad range of potential-energy landscapes through variations of hinge
stiffnesses and stress-free hinge rotations, as illustrated in Fig. 3.c.
Depending on these parameters, the model reproduces monostable,
asymmetric bistable, quasi-zero-stiffness, and nearly neutral responses.
These results demonstrate that the proposed seed possesses the me-
chanical versatility required to support the subsequent development of
the MSMDM.

2.4. Embodiment of bistable structures

Three motions are available through the selection of the seed and
their chirality, the rotation motion from the seed Zz and the chiral
structure Rb (Rotating bistable), the twist motion using the spatial seed
Z3p and finally the stepper motion from the seed Sp that comes from the
achiralisation of Zg. The topologies, presented in Section 2.1 ., can be

created with elastic beams, springs and joints, but also other embodi-
ment possibilities exist and can be explored.

The seed Zp is a chiral structure and can be used to form the chiral
family Rb that can be found using compliant joints [65], trusses [66] and
elastic beams [29,42,46]. In addition, non-contact interactions like
magnets in a repulsive or attractive configuration can lead to
magnet-based embodiments of the Rb family, that allow for larger range
of motion [47]. Interestingly, because of the planar motion of a pure
rotational structure origami, kirigami and shell structures have so far not
been developed. Examples of embodiments of Zg are illustrated in Fig. 4.
a.

The spatial seed Zszp showcase a twisting motion and can be
embodied with elastic beams [41,48]. Dipole and magnet-based em-
bodiments can exist as an extension of the magnet-based Rb structures.
Origami and kirigami embodiments are possible using the Kresling
pattern [67-69]. Examples of embodiments of Zsp are illustrated in
Fig. 4.b.

The seed Zp can present a linear bistable behavior and can be achi-
ralised in the structure Sp (Stepper) that presents a stepper bistable
motion, one of the most common achiral bistable structure [6,35].
Magnet-based Spstructures have show great potential for energy trap-
ping and absorption [28,38,70]. Kirigami embodiments are designed
using geometrical frustration to enable the snap-through behavior
[71-75]. In addition, shells and plates can be geometrically constrained
to enable buckling and snap-through behavior [26,76-78]. Examples of
embodiments of Sp are illustrated in Fig. 4.c.

The MSMDM proposes the classification of multistable topologies in
four families (Zp, Z3p,Sp, Rb). The topologies represent the elastic beam
embodiment, however, many embodiments are possible as presented in
Table 1. Five main embodiments have been shown and can be referred
and named as Kirigami bistable (Kb), Dipole bistable (Db), Dipole
rotational (Dr), origami bistable (Ob) and Kirigami spatial bistable (K3g).

The MSMDM defines topological relationships independently of the
physical embodiment used to realize the mechanism. Consequently, a
given topology may be implemented through compliant beams, rigid-
link mechanisms, origami, kirigami, magnetic systems, or other multi-
stable embodiments. The choice of embodiment depends on the targeted
application and desired mechanical characteristics, including stiffness,
snap-through force, energy dissipation, manufacturability, and scale.
The MSMDM therefore operates as a topology-generation framework
that precedes embodiment selection and subsequent geometric optimi-
zation. Within the manuscript, embodiments such as Kb, Db, and Ob are
used as representative realizations of the generated topologies. They
should be interpreted as interchangeable implementation strategies
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Elastic beams/Springs
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Fig. 4. Representative embodiments of fundamental multistable archetypes: (a) the rotational bistable structure (Rb) [29,47], (b) the torsional bistable structure
(Z3p) [41,68,79], and (c) the translational stepper (Sp). The physical realization of these topologies can be achieved through compliant mechanisms (e.g., elastic
beams [24,80], origami/kirigami folding [75,81], and thin shells [82]) or via non-contact interactions, such as magnetic dipoles and attractive/repulsive force fields.

Table 1

Representative embodiments for the realization of MSMDM-generated topol-
ogies and their typical advantages and limitations. The comparison is qualitative
and intended as a guideline for embodiment selection; quantitative mechanical
properties, including stiffness, snap-through force, energy dissipation, and load-
bearing capacity, remain dependent on the selected embodiment and geometry.

Embodiment / Principle Typical Typical
representative advantages limitations
family
Sp / Rb Elastic beam Simple monolithic Material-
(compliant- flexure and fabrication, dependent fatigue,
beam buckling continuous motion, stress
realization) close concentrations,
correspondence embodiment-
with the ideal sensitive energy
topological model barriers
Kb / K3p Flexure Lightweight, Limited out-of-
(Kirigami combined with monolithic plane stiffness, cut-
bistable) strategically fabrication, large induced stress
placed cuts in deformation concentrations
thin sheets capability
Ob (Origami Folding Compact Fold precision
bistable) kinematics deployability, large requirements,
through crease shape changes, crease fatigue,
patterns highly manufacturing
programmable complexity
motion
Db / Dr (Dipole Stable equilibria  Tunable energy Sensitive to
bistable / generated landscape, low alignment and
rotational) through friction, adjustable spacing, increased
interacting snap-through assembly
magnetic behavior complexity
dipoles or
discrete
rotational
mechanisms

rather than distinct topological families.

2.5. Multi-stable metamaterial design method (MSMDM)

The Multi-Stable Metamaterial Design Method (MSMDM) aims at
the systematic generation and classification of multistable meta-
materials. The MSMDM unifies dimensionality, chirality and symmetry-
based construction within one framework.

2.5.1. Dimensional classification
The spatial distribution of their connection edges (Ey) determines
the unit cells tessellation topology and honeycomb capability:

e 1.5D structures possess collinear edges and tessellate naturally
along a single axis. Both Zg and Z3p belong to this fundamental class.
2D and 2.5D structures are characterized by coplanar connection
edges. While fully planar (2D) structures are restricted to planar
tessellation, 2.5D structures though retaining coplanar edges incor-
porate spatial internal geometries, enabling a transition between
planar and spatial tessellation.
e 3D structures exhibit edges distributed across three dimensions,
typically inscribed within spherical or tubular geometries, facili-
tating fully volumetric three-dimensional tessellation.

This classification effectively decouples the geometric embedding of
the structure from its internal kinematics, allowing planar and spatial
architectures to be analyzed within a unified framework.

2.5.2. Chirdlity and superchirality order
Multistable metamaterials are also characterized by their chirality
order, y [45], defined as:

y = d — 1 — a (2)

where d represents the minimum number of spatial dimensions required
to define the structure, and a is the minimum number of independent
chirality-reduction operations required to transform the considered to-
pology into an achiral topology, as summarized in Table 2. The chirality
order y is evaluated on the resulting topology. Consequently, trans-
formations may modify y by introducing symmetry operations that
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Table 2

Overview of the seven topological transformations constituting the MSMDM, indicating their dimensional role, effect on chirality order y, and primary design function.
Transformation Type Function in MSMDM Dimensional effect Chirality effect
ACR (Achiralisation) Planar / Spatial Mirrors a chiral structure to form an achiral topology Preserves dimension Ho=X15 X1—=Xo
CR (Copy-rotation) Planar Generates planar chiral or achiral lattices via rotational symmetry 1.5D - 2D 11—
HCR (Hierarchization) Planar/ Spatial Iterates a base structure into a nested, scale-invariant topology 1.5D - 2D  preserved
aCR (axis copy-rotation) Spatial Extends achiralisation into 3D by rotation about an axis 1.5D - 2.5D / 3D X=X X1=0
tCR (Tube copy-rotation) Spatial Forms tubular and prismatic spatial architectures 1.5D /2D - 3D X=X X1=0
LCR (Line copy-rotation) Spatial Generates chain-like structures 1.5D - 1.5D / 3D  preserved
PCR (Pyramidal copy-rotation) Spatial Assembles polyhedral unit cells (Platonic/Archimedean) 2D / 2.5D - 3D Aa= X1 X =T

reduce the number of remaining chirality-reduction operations required type of a structure and can be classified in three categories:

to reach an achiral configuration. The number y defines the chirality

Zb [ Z3b T 7 1.5D Design method
e —m——— - = _l ______________ — T 2/2.5D design method
I ) ) Superchiral I t : : 3D design method
Achiral Chirality Chiral p |
: Xo X1 X2 | :
I Unit cell / output
y A 4 |
I Zb : ACR / aCR Zb: - |
| Z;5: ACR +aCR Z55 : ACR Decision
|
|
| | Topological
| v | transformation
Sp (Sp/Kb ...) Zs (Rb/Md ...) Zs |
| AZsg
I | | :
|
_______________________ -
rr---" - - - - - - - -"--"---"""--"-|=-""--"--""=-'=-=-== '|
| 4 |
I Design i |
| c/lf «—— ACR M Chirality —e——r |
|
Chiral !
| »- < |
| 4 A 4 |
I CR/HCR ¥ CR/HCR I
I I
[ l l !
: 2D/2.5D 2D/2.5D I
: Achiral UC Chiral UC |
|
I v I
' |
| 3D I
| LCR
| A 4 A 4 A 4 A 4 |
|
| tCR pCR HCR aCR/ACR I
|
| 3D UC v v v v '
3D UC 3D UC 3D UC 3D UC

Fig. 5. Schematic overview of the Multistable Metamaterial Design Method (MSMDM). The workflow begins with the selection of either the planar bistable seed Zp
or the spatial bistable seed Z3p. Chirality-reduction operations (ACR and aCR) define the chirality class (v, x1, Or x,), after which copy-rotation transformations (CR,
HCR, aCR, tCR, LCR, and pCR) generate higher-order planar, spatial, tubular, chain-like, and polyhedral architectures. The method systematically maps candidate
topologies from 1.5D seeds to 2D, 2.5D, and fully 3D multistable unit cells while preserving a traceable topological lineage.
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e y, denotes achiral structures (e.g., the planar structure 4.2RSp,
illustrated in example I in Section 3.1.1 .),

e y; denotes chiral structures (e.g., the planar structure Zg, the spatial
structure 6pRb4, see example II (Section 3.1.2 .) and example III
(Section 3.1.3 .),

e y, denotes spatially superchiral structures (e.g., Zsg, see example IV
in Section 3.1.4 .).

A superchiral structure requires multiple independent chirality-
reduction operations before becoming achiral. Depending on the
transformation applied, the chirality order may either be preserved or
reduced, as summarized in Table 2. Within the MSMDM framework,
starting from the planar Zp seed allows for the generation of structures
where y € {0,1}, whereas the spatial seed Zsp enables access to the full
range of y € {0,1,2}. This hierarchy is essential for designing spatial
architectures, as it distinguishes between transformations that preserve
chirality order and those that actively reduce it through symmetry op-
erations detailed in Supplementary information SL.1.

The MSMDM offers many possibilities for the design of multistable
structures, for instance two paths lead to the same topology, this is an
exceptional case detailed in Section 3.1.4 .. The first path uses the
superchiral (y,) seed Zszg and applies the 8-fold pCR transformation
yielding the chiral (y;) structure 8pZsg. The second path starts from the
same superchiral seed Zsg. An ACR transformation first yields the chiral
(r;) structure AZsg, after which a four-fold aCR transformation gener-
ates 4aAZsgwhile preserving the chirality order y;. Although generated
through different transformation sequences, both paths lead to topol-
ogies belonging to the same chirality class (y;). This illustrates that the
chirality order is determined by the resulting topology and not by the
sequence of transformations used to generate it.

2.5.3. MSMDM workflow
The Multistable Metamaterial Design Method (MSMDM) follows a
structured three-stage workflow (Fig. 5):

e Base Selection. The process begins with the selection of a planar
chiral base structure Zg or its spatial counterpart Zsg. This choice
serves as the topological seed dictating the initial degrees of freedom
and the potential for multistability.

e Chirality Management. Topological operations such as Achirali-
sation (ACR) and Axis Copy-Rotation (aCR) are applied to modu-
late the seed's chirality.

e Spatial Assembly. Six copy-rotation transformations are employed
to project the seed into higher dimensions. This comprises Copy-
Rotation (CR) and Hierarchization (HCR) for planar lattices, and
four spatial extensions: Axis Copy-Rotation (aCR), Tube Copy-
Rotation (tCR), Line Copy-Rotation (LCR), and Pyramidal Copy-
Rotation (pCR). These operations govern the final architecture (as
illustrated in the design examples Section 3), transitioning from
linear chains (1.5D) to planar lattices (2D/2.5D) or fully volumetric
(3D) tessellations.

2.6. Naming, tessellation and number of states

The MSMDM allows for the creation of four main families of multi-
stable structures with numerous possibilities for their embodiment. To
bring clarity and accessibility to the design workflow we present here a
compact naming convention along with a design method for the struc-
ture and tessellation of the unit cells. In addition, we propose a pre-
diction for the number of states accessible per unit cell after
transformations.

2.6.1. Topological naming convention
To ensure clarity and traceability across the vast design space
generated by the MSMDM, a modular naming convention is adopted.
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This nomenclature functions as a concise generative syntax rather than a
mere enumeration; structure names explicitly encode the topological
lineage of the metamaterial. Each identifier provides information on:

e The originating base (Zg, Z3p), family (Sp, Rb) or embodiment (e.g.,
Kb, Db, Dr, Ob and ksp);

e The sequence and order of applied transformations;

e The chirality class (chiral, achiral) and design type (classical, or
reciprocal);

e The resulting dimensionality of the assembly.

For example, the achiral structure 4.2RSp [21] comes from the
Stepper (Sp) family that was copy-rotated in the reciprocal design (R)
two times yielding 2RSp and then was copy-rotated in the higher-order
four times into 4.2RSp, represented in Fig. 6.b. The chiral structure
designated as 4HRb4 represents a planar chiral family (Rb) that has
undergone copy-rotation (CR) four times (Rb4), followed by hierarchi-
zation four times into 4HRb4. The achiral pyramidal structure desig-
nated as 6p4aSp represents the achiral family (Sp) that has undergone
axis copy-rotation (aCR) four times (4aSp), then transformed by pCR six
times into 6p4aSp.

This shorthand enables an unambiguous reference to complex spatial
architectures while maintaining the readability of the primary text.
Representative examples and the breakdown of the encoding logic are
illustrated in Fig. 6. The naming convention is applied consistently
throughout the Results section, with comprehensive implementation
details, prefix definitions, and extended variants reserved for
Supplementary Information SI.2.

2.6.2. Unit cell, tessellation and honeycombs

The unit cells generated by the MSMDM follow a systematic Voronoi-
based construction that maps each topological transformation into a
specific tessellations. This framework ensures that the local kinematic
properties of the linkage are intrinsically linked to the global tiling
symmetry:

e Planar Tessellations. Planar transformations produce polygonal
primitive cells that tile the Euclidean plane through regular or semi-
regular (Archimedean) tessellations [83,84]. The Voronoi protocol
ensures that the boundaries of these cells remain compatible with the
expansion and contraction of the underlying multistable linkages.
Spatial Honeycombs. Spatial transformations generate polyhedral
unit cells—ranging from prismatic to complex Platonic and Archi-
medean solids—that assemble into periodic three-dimensional hon-
eycombs [85—87].

This methodology guarantees geometric compatibility between local
linkage kinematics and global tiling behavior, enabling MSMDM designs
to scale seamlessly from discrete mechanisms to space-filling, multi-
stable metamaterials. The complete geometric construction rules for
unit cells, spatial cell taxonomy, and the specific Voronoi protocols are
detailed in Supplementary Information SL.3. As an illustrative example,
the LCR-derived topology 2L3aSp possesses two stable states at the
isolated unit-cell level. When tessellated, neighboring cells impose
additional geometric constraints through shared boundaries, allowing
collective deformation modes to emerge. In this case, stable tilted con-
figurations can appear that are not present in the isolated unit cell.
Consequently, while Table 3 predicts the number of stable states asso-
ciated with an individual unit cell. The tessellation may introduce
additional equilibrium states arising from interactions between neigh-
boring cells. The LCR family provides a representative example of this
behavior detailed in Section 3.1.3 .

2.7. Prediction of the number of states at the unit cell level

The state-count predictions of Table 3 are derived from the topology
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Fig. 6. Illustration of the MSMDM naming convention. The structures names encode the originating seed or family, the sequence and order of applied trans-
formations, chirality information, and dimensionality. (a) Decomposition of the achiral structure 4.2RSp into its constituent descriptors. (b) Corresponding topology
showing the hierarchical relationship between the base family Sp, the intermediate structure 2RSp, and the final structure 4.2RSp. (c) Example of a hierarchical chiral
structure (4HRb4) generated through the hierarchization transformation (HCR). (d) Example of a spatial structure (6p4aSp) generated through axis copy-rotation
(aCR) followed by pyramidal copy-rotation (pCR). The notation provides a compact representation of the full topological generation pathway, allowing the to-

pology of a structure to be reconstructed directly from its name.

Table 3

Prediction of the topological number of accessible stable configurations at the
unit-cell level for the transformations applied to the seeds and families with n the
multiplicity within a single transformation and N the higher-order repetition
level.

Seed Planar transformations Spatial transformations
ACR aCR HCR aCR pCR tCR LCR
Zp S S(Zg—Rb) N/A S N/A N/ N/A
(Zg—5Sp) (Zg—Sp) A
Rb 2x S st S? sn st s 2x
S
Sp S [n,S"] SN+ gN st s" S
Zsp S N/A N/A S M N/ N/A
vertices A

of the transformations rather than from an energy-based analysis.
Transformations such as ACR and CR preserve the number of stable
states because they modify symmetry without introducing additional
independent bistable elements. In contrast, transformations such as aCR,
PCR and HCR replicate bistable substructures that may switch inde-
pendently, leading to a multiplicative increase in the number of acces-
sible states. Consequently, Table 3 should be interpreted as a prediction
of the topological number of accessible stable configurations at the unit-
cell level. The actual realization, stability, and energetic accessibility of
these states remain dependent on the selected embodiment and subse-
quent geometric optimization.

The bistable seeds Zp and Zsp possess, by definition, two stable states.
The topological transformations may either modify the chirality of the
response (e.g., rotational to translational) or increase the number of
accessible stable configurations through an increase in topological
complexity. Table 3 presents an overview of the number of states pre-
dicted for each transformation applied to a seed with S stable states,
where S is the number of states of the base, with n the multiplicity within
a single transformation and N the higher-order repetition level. A
transformation applied to a seed transforms the seed into an element of a
family and is denoted: S (Zg—Sp). Further transformations should be
continued at the family line Sp, in that case. Regarding the pCR trans-
formation of Zsg, the M vertices represent the number of faces of the
polyhedron generated by the transformation.

For example, the aCR transformation applied four times to the seed
Zg preserves the number of states S = 2 and generates the structure Rb4.
Applying aCR four additional times to Rb4 yields the higher-order
structure Rb4.4, which contains four independents Rb4 substructures.
Since each substructure possesses two stable states, the resulting to-

pology exhibits S = 2* = 16 accessible topological configurations.

Although the unit-cell state count can be predicted topologically,
tessellation may introduce additional equilibrium states through in-
teractions between neighboring cells and may also generate novel forms
of multistability, such as stepper-to-bending [88] or stepper-to-twist
[21].

2.8. Scope of the method

Using this structured workflow, the MSMDM generates three planar
and one spatial family of regular multistable metamaterials. These
foundational families can be further extended into a diverse array of
embodiments and architectures.

The MSMDM framework serves three purposes: (i) a generative
design framework for the systematic creation of multistable topologies,
(ii) a classification framework based on dimensionality and chirality
order, and (iii) a naming protocol for the consistent identification of
generated structures. The framework is not intended to predict force-
displacement responses, energy barriers, or load-bearing capabilities,
which remain dependent on the selected embodiment and subsequent
geometric optimization. Instead, the method prioritizes topological
generation over specific geometric optimization, establishing a rigorous
design space for metamaterials characterized by translational, rota-
tional, and torsional multistability.

By focusing on the underlying symmetry and connectivity, the
MSMDM provides a scalable framework for discovering novel mechan-
ical behaviors across different scales. Detailed descriptions of the seven
topological transformations, along with their representative applica-
tions and mechanical implications, are presented in Section 3 .

3. Results

This section demonstrates the generative capacity of the Multistable
Metamaterial Design Method (MSMDM) in synthesizing planar and
spatial multistable metamaterials from minimal topological seeds.
Rather than providing an exhaustive catalog of the design space, this
analysis focuses on three primary objectives: (i) the functional role of the
seven topological transformations in defining structural behavior; (ii)
representative design pathways that recover established architectures
and reveal novel configurations; and (iii) selected classes of meta-
materials tailored for specific mechanical applications.
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3.1. Design examples

3.1.1. Example I - Multistable planar achiral structures

Starting from the planar base Zg the application of the achiralisation
transformation (ACR) leads to the achiral topology Stepper bistable (Sp).
The Sp topology can be embodied in various manners such as kirigami
and using repulsive or attractive magnets. Using the Sp topology in the
MSMDM workflow, it is possible to design planar multistable structures
by application of the copy-rotation (CR) transformation in the classical
and reciprocal designs (Fig. 7.a-d). The structure Sp can be copy-rotated
in the classical design four times for instance yielding the structure 4CSp
[89], or in the reciprocal way two times to form the structure 2RSp [36,
90-92] and four times as the structure 4RSp. The frames of 4RSp can be
linked together in a variation that allows for the center body to have N
stable positions (Fig. 7.e), in order to achieve such a structure, the
opposed Sp bases have to be in inverted states, for even N and at least
one of the Sp base have to be in a different state for odd N [93]. In
addition, a copy-rotated structure can be copy-rotated to the
higher-order (HO), meaning that the copy-rotation can be applied with
many iterations leading to more complex structures such as 4.2RSp [21],
as illustrated in Fig. 7.f.

3.1.2. Example II - Novel chiral structures

Using the planar seed Zp as a chiral base to form the family Rb
(illustrated in Fig. 8.a), the copy-rotation transformation can be apply at
the center of rotation Og forming, for instance, the bistable chiral
structure Rb4 illustrated in Fig. 8.b. The hierarchization transformation
can be applied to the structure Rb4 for instance four times yielding the
topology 4HRb4 [29], illustrated in Fig. 8.c. The self-hierarchized to-
pology leads to a fractal design or self-replicating structure where the
stiffness of each layer could be controlled by the shape, dimension and
geometry of the flexures. In the general case of hierarchical structures
the stiffness of each layer can also be controlled by the number of

a) b)

, —
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repetition of the copy-rotation, for instance, the structure 4HRb3 pos-
sesses four flexures on the outer layer and three in the inner one, on the
contrary 3HRb4 possesses three flexures on the outer layer and four in
the inner one. For flexures of identical geometry and dimensions, where
only the number of flexures changes the stiffness of the layer, the de-
formation's sequence varies between the two structures for an overall
identical number of steps and behavior.

The Rb family can be used as a base for spatial transformations such
as the pyramidal copy-rotation (pCR) tube copy-rotation (tCR) and axis
copy-rotation (aCR). For instance, the structure 4HRb4 can be trans-
formed by pCR six-fold leading to the design of a cubic structure
6p4HRb4 where each face is a hierarchical chiral structure, as illustrated
in Fig. 8.d. 6p4HRb4 can be used as a cubic unit cell, however, because
of the rotational multistable faces the honeycomb created can only be
used on the outer faces of the honeycomb. Such structures could show
potential in chain tessellations for computational or positioning pur-
poses for instance in twisting the main chain and orienting the sided
end-effectors, some examples of such applications are shown in Section
3.2.4 . Multistable robots and energy trapping

3.1.3. Example III - Spatial structures based on Zg

The axis copy-rotation (aCR) is a topological transformation that
enables the transformation from the planar chiral seed Zp (Fig. 9.a) to a
2.5D structure that can be tessellated in the plane of the base and in a
line from the edge E = B of the structure. The aCR transformation is
illustrated in Fig. 9.b with the structure 3aSp composed of three flexures
allowing the structure to be deformed into an up and down position.
Such structures can be tessellated in the plane in two ways, the first is to
use the created structure as a unit cell, for instance the structure 4aSp is a
square structure that is tiled in a regular tiling (Fig. 9.d). Second, the
2.5D structure can be copy-rotated to the higher order, similarly to a
planar structure, for instance 4.4aSp illustrates the process in Fig. 9.e.
The two tessellations allow for modifications of the deformation pattern
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Fig. 7. Illustration of the topology of (a) the achiral structure Sp represented with the location of the points Oy in the Classical and Reciprocal design scenario. The
planar Sp structure can be transformed by copy-rotation (CR) in (b) the classical design four times in the structure 4CSp and in the reciprocal design (c) two times
yielding the structure 2RSp and (d) four times in the structure 4RSp. The copy-rotated structure 4RSp (e) can have the four frames connected leading the central body
to possess four internal stable configurations. A structure can undergo higher-order copy-rotation, for instance (f) 2RSp can be copy-rotated four times

yielding 4.2RSp.
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Fig. 8. Topological transformations of chiral structures: (a) geometric definition of the chiral seed Zp (rotational archetype, Rb) indicating the center of copy-rotation
Og. (b) The assembly Rb4, resulting from a four-fold copy-rotation of the base Rb. (¢) Evolution through hierarchization, where a four-fold HCR transformation yields

the two-layered fractal 4HRb4 architecture, characterized by four distinct stable states. (d) Volumetric projection via pyramidal copy-rotation (pCR), illustrated by
the cubic assembly 6p4HRb4 which utilizes the hierarchical structure as a functional base for 3D tessellation.
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Fig. 9. Volumetric and linear transformation of axial copy-rotated structures: (a) geometric definition of the Zz base with the indicated axis of copy-rotation (aCR).
(b) The three-fold axial assembly 3aSp, which can be further extended via line copy-rotation (LCR) to form (c) the structure 2L3aSp. The LCR-derived topology
provides a representative example where tessellation may introduce additional collective deformation modes. While the isolated unit cell remains bistable, in-
teractions between neighboring cells can generate additional tilted equilibrium configurations that are not present in the isolated unit cell. (d) Planar tessellation of
axial units, illustrated by the 4aSp configuration, and (e) the application of higher-order copy-rotation resulting in the complex 4.4aSp topology. (f) Embodiment-
specific transformation of the kirigami base (Kb) into the six-fold axial classical structure 6aCKb. (g) Extension into tubular geometries via tube copy-rotation (tCR),
exemplified by the 6t4aSp architecture. The figure illustrates how aCR, LCR, and tCR generate planar, chain-like, tessellated, and tubular multistable families from a
common axial design principle.

and could lead to specific applications. the topology 4aSp can form a tube with six faces as 6t4aSp. Two types of
The tessellation of certain unit cells has been showing the gain of tubes can be built, the multistable longitudinal tubes that use the mul-
additional stable positions not present in the unit cell such as tilted tistable behavior to expand or contract in the direction of the tube, and
stable positions. This is the case of the tessellation of structures formed the multistable radial tubes that use the multistable behavior to expand
from the Line copy-rotation (LCR). The LCR transformation (codded 2L) or contract in the radial direction. The combination of the longitudinal
combines two transformations, first, it mirrors a structure and second, and radial tubes can be done in two ways, first is to alternate the use of a
the mirrored structure is rotated by an angle gy =352 with N the order longitudinal and radial ring for instance alternating 6t4aSp and 6t2RSp,
of the base, for instance, the structure 2L.3aSp [88] illustrated in Fig. 9.c illustrated in Fig. 9.g. Second, is to use a unit cell before tCR that is
possesses a bistable behavior such as 3aSp however, it also possesses a multistable in the two directions, for instance 4CSp, 4RSp and 6p4aSp
continuous monostable tilting behavior. In addition, when tessellated show great potential as they decouple the multistable directions.
2L.3aSp exhibit also tilting stable behaviors in three directions. It is also possible to gain in degrees of freedom with the addition of
The aCR transformation could be applied to various embodiments irregularities and angles in the design in order to have, for instance a
such as the kirigami Kb structure Fig. 9.f allowing for potential appli- bistable Sp structure where the end effector is not moving in a vertical or
cations and various designs for instance with the structure 6aKb. horizontal straight line but follows a curve [94]. Such irregular design
After the application of the aCR transformation, the structures can be can be used in a spatial configuration after tCR transformation for
employed in other spatial transformations for instance with the tCR [36] instance as in the structure 4tSp presented in [79], where the angled

10
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orientation of the end-effector allows for a twisting (both rotation
around the z-axis and change in height) bistable motion.

3.1.4. Example IV - Spatial structures based on Zsp

The seed Zzp (Fig. 10.a) can be used as a starting point in the
MSMDM design workflow. The superchiral y, structure show a spatial
rotational bistable behavior, it can be transformed with spatial trans-
formations, for instance the axis copy-rotation (aCR) that is reducing the
chirality order to y; can yield, for a three-fold transformation the
structure 3aZsg [48] with the angle @3 = 120° between each Zsp
element. The structure is presented in Fig. 10.b where the distance D is
fixed and to be bistable with the use of elastic beams the condition where
the distance D has to be smaller than the length L of the beams. We note
that the achiralisation (ACR) about one of the planes containing the
fixed based and the tessellation along the axis of D is the same trans-
formation. Indeed, because the bistable structure possesses two states
one of them is a chiral continuation of the chain while the second is the
equivalent of the achiralisation transformation.

The spatial seed can be used in the pCR transformation, for instance
the structure 8pZsp [95] is illustrated in Fig. 10.c and shows eight spatial
copy-rotation of the base Zsg. This structure possesses eight stable
configurations and could potentially be hierarchized to create a
fractal-like structure such as 8H8pZsg. The MSMDM allows for the
construction of many topologies and following the many paths some
structures can be created from at least different paths leading to two
names for the same structures. For instance, the spatial base Z3p can be
achiralised (ACR) into AZsg and then transformed four-fold by axis
copy-rotation (aCR) into 4aAZsp which is the exact same structure as
8pZsp. Following the aCR path leads to designing prism-like spatial
multistable structures, whereas the pCR path leads to platonic solid-like
structures. Furthermore, when multiple transformation paths yield an
identical topology, which remains a rare exception, a canonical name
should be selected based on the shortest transformation sequence from
the seed structure. Under this convention, 8pZsgbecomes the preferred
designation, while 4aAZsp is treated as an equivalent alternative
representation.

3.2. Applications for multistable metamaterials

Beyond isolated configurations, the MSMDM facilitates the system-
atic discovery of several prominent metamaterial families, each pos-
sessing unique mechanical signatures. To demonstrate the versatility of
this framework, five representative applications are characterized

a) b)
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herein, highlighting the practical utility of these multistable
architectures.

3.2.1. Neutrally stable structures

Multistable architectures are characterized by a negative stiffness
transition during the snap-through between equilibrium states.
Conversely, structures engineered with a force-displacement (or
moment-angle) plateau exhibit a zero-stiffness regime; within this
range, the structure maintains a constant restorative force (or moment)
across a continuous interval of deformation [19,30,62,96,97].

Within the MSMDM framework, two distinct topological pathways
enable the design of such multi-stable behavior:

e Chiral Architectures: For chiral systems, the Rb4 configuration has
been demonstrated to produce zero-stiffness plateaus when realized
with optimized beam profiles [30]. By iterating the design through
the HCR transformation (e.g., 4HRb4), multiple zero-stiffness regions
can be embedded into the rotational moment-angle response,
creating a discretized multi-step energy landscape.

e Achiral Architectures: For achiral multi-stability, an achiralisation
(ACR) process is applied to the Zp seed, giving rise to the neutrally
stable (Ns) family. As illustrated in Fig. 11.a, the axis of achiralisa-
tion Ag passes through point B and remains normal to the BB base.
To activate the zero-stiffness state, the Ns structure requires specific
preloading (Fig. 11.b,c); integrating a bistable unit at the boundary
allows for a tunable interface that can switch the global response
between multi-stable and monostable regimes [19,58].

Finally, while the Zsp spatial seed theoretically provides a topolog-
ical foundation for multi-stable volumetric bases, no existing literature
has yet characterized this specific embodiment, marking a potential
frontier for the MSMDM application.

3.2.2. Countersnapping structures

Within the MSMDM framework, such a system is encoded as a hybrid
assembly of Sp units configured in both bistable and monostable regimes
connected in series, paired with a strain-stiffening meiotic structure
2CLb [44,45] arranged in parallel. To facilitate higher-order design, this
coupled system can be abstracted as a functional macro-seed denoted
L¢s (Longitudinal Counter-Snapping). This abstraction enables its
seamless integration into the MSMDM workflow and allows the gener-
ation of higher-order architectures such as the tubular countersnapping
lattice 4tLcs. The countersnapping behavior associated with this

c)
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Fig. 10. Volumetric evolution of spatial multistable architectures generated from the superchiral seed Z3g. (a) Geometric definition of the spatial seed Zsp, realized
through a compliant elastic beam constrained by a fixed inter-frame distance D. (b) Three-fold axial assembly 3aZsp generated through axis copy-rotation (aCR). (c)
Volumetric projection via pyramidal copy-rotation (pCR), resulting in the octahedral architecture 8pZss. The figure also illustrates an exceptional case in which two
distinct transformation sequences converge to the same final topology. The structure 8pZsg may be generated directly from Zsp through an eight-fold pCR trans-
formation, or equivalent through achiralisation (ACR) of the seed to obtain AZ3g, followed by a four-fold aCR transformation yielding 4aAZsg. Although generated
through different transformation pathways, both structures belong to the same chirality class (r;), illustrating that chirality order is determined by the resulting
topology rather than by the transformation history. The figure highlights the ability of the MSMDM to generate equivalent spatial architectures through alternative

topological pathways while maintaining a consistent chirality classification.
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Fig. 11. (a) Topological derivation of the neutrally stable Ns architecture through the achiralisation (ACR) of the Zy seed. (b) Physical embodiment of a neutrally
stable response utilizing pre-stressed, disconnected beam assemblies. (c) Realization of neutral stability via monolithic pre-shaped beams, demonstrating the geo-
metric tuning of the energy landscape. (d, e) Equivalent spring-mass kinematic models representing two distinct network architectures designed to facilitate snap-

back instabilities and discretized transitions [13,31].

topology, including contraction under extension, has been demonstrated
in the literature [13,31]. This exotic mechanical response is orchestrated
by a network of interconnected nonlinear, monotonic, and
strain-stiffening units, as characterized in Fig. 11.d,e. Within the
MSMDM, the L¢s macro-seed serves as a compact topological repre-
sentation that enables the systematic generation and classification of
countersnapping architectures.

3.2.3. Out of plane buckling and shape morphing

Multistable unit cells possess the ability to expand or contract in one
direction while keeping the same dimension in the other directions
usually because of the presence of a rigid frame. When a planar multi-
stable metamaterial is enclosed in a rigid frame, the only possible
deformation of the unit cells is out of plane. It is therefore possible to
program the deformation of a multistable surface into a volume as a
whole or by region. This functionalities may lead to potential applica-
tions in the development of deployable mechanisms [9,98] and shape
morphing surfaces and structures [94,99].

3.2.4. Multistable robots and energy trapping

Multistable structures are characterized by the existence of at least
two distinct stable configurations, requiring energy input only to navi-
gate the transition between stable states. This intrinsic multistability has
sparked significant interest in the development of multistable robotic
systems [25,26,100] and articulated arms [30,40]. By increasing the
number of constituent unit cells, these systems can approximate
continuous motion and maintain intermediate poses indefinitely
without continuous power consumption or active control.

Furthermore, the integration of multistable mechanisms into con-
tinuum robots and architected metamaterials introduces structural
locking capabilities and serves as a platform for energy-trapping
mechanisms. These properties demonstrate high potential for applica-
tions in impact mitigation and programmable shock absorption [8,101].

3.2.5. Computational application

Multistable structures offer a compelling physical alternative to
electronic transistors, enabling the development of mechanical
computing systems where information is stored and processed through
structural states rather than electrical charges [5,100,102—-105]. By
assigning binary values to distinct stable configurations, these archi-
tectures can function as non-volatile memory cells that retain data
without a continuous power supply.

When integrated into complex networks, the snap-through transi-
tions between these states can be used to execute combinatorial logic
operations (AND, OR, NOT) and sequential processing [106,107].
Beyond binary logic, the nonlinear energy landscapes of multistable
metamaterials are increasingly being leveraged for physical reservoir
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computing, where the structural response to mechanical inputs is used to
perform complex pattern recognition and signal processing tasks
directly within the material's hardware.

4. Discussion

This work introduces the Multi-Stable Metamaterial Design Method
(MSMDM) as a unified, topology-based framework for the systematic
generation, classification, and nomenclature of planar and spatial mul-
tistable metamaterials. Built upon the minimal bases Zg and Zsp and a
limited set of seven topological transformations, the MSMDM provides a
constructive pathway to design multistable, neutrally stable and coun-
tersnapping structures across chirality and dimension.

A primary contribution of the MSMDM is its generative capacity;
rather than iterating upon a localized geometry or targeting a narrow
mechanical objective, the framework systematizes a vast design space
through the lens of symmetry, topological connectivity, and funda-
mental kinematic principles. Consequently, the results presented herein
focus on a strategic subset of illustrative transformations and arche-
types. These examples demonstrate the framework's ability to recover
established architectures found in the literature while simultaneously
unveiling previously undocumented spatial families.

The classification system centered on dimensionality and chirality
resolves long-standing ambiguities between planar, quasi-planar, and
truly spatial Poisson’s ratio metamaterials. Specifically, the introduction
of the superchirality order y provides a mathematically compact metric to
distinguish between planar-chiral, spatial-chiral, and fully achiral ar-
chitectures. This parameter enables systematic tracking of chiral evo-
lution throughout successive topological transformations. Such a
distinction is vital when projecting planar design principles into three-
dimensional space, where the transition to achirality often necessitates
multiple independent, non-commutative symmetry operations.

While the MSMDM prioritizes the development of high-symmetry
reference architectures, it simultaneously establishes a robust second-
ary design layer through the introduction of structural irregularities. By
modulating base geometric parameters, employing non-integer trans-
formation orders, or implementing heterogeneous tessellations, the
framework facilitates the engineering of graded mechanical responses,
directional anisotropy, and localized functional zones in a metamaterial
structure.

Furthermore, the physical embodiment of these topologies serves as
a critical design variable, enabling the calibration of specific phenomena
such as delayed snap-through, monostable transitions, and stimulus-
responsive behavior. While established analytical beam models
currently guide the design of specific topologies with predictable kine-
matics, the broader design space remains fertile for exploring novel
geometries and embodiments (that may lead to novel families) that may
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unlock unconventional snapping dynamics and energy dissipation
profiles.

The versatility of the MSMDM has been substantiated through the
characterization of complex emergent behaviors, specifically the reali-
zation of countersnapping in translational stepper architectures and the
achievement of discretized energy landscapes in neutrally stable rota-
tional topologies. While the framework systematically generates a vast
array of spatial and high-order chiral configurations, the MSMDM re-
veals a particularly promising design space for the development of
multi-axial rotational mechanisms and twist-countersnapping architec-
tures. Such structures, which couple axial rotation with longitudinal
contraction, represent a significant frontier for future experimental
validation and provide a roadmap for the development of multi-
functional, twisting neutrally stable systems.

The MSMDM serves as a generative methodology that facilitates both
the design of established architectures and the systematic creation of
novel multistable metamaterials from fundamental planar and spatial
seeds. While this framework does not claim to define the absolute limit
of all possible multistable topologies, it is noteworthy that a broad class
of reported multistable architectures can be successfully mapped and
classified within the current MSMDM parameters. This suggests a high
degree of topological completeness and reinforces the framework’s
utility as a comprehensive design tool. In addition, this manuscript, with
the establishment of the MSMDM as its primary goal, presents a signif-
icant number of references that could serve as a base for a review.

Overall, the MSMDM establishes a unifying nomenclature and a
streamlined workflow for the development of planar and spatial multi-
stable metamaterials. By decoupling topological generation from local-
ized mechanical optimization, the method provides a standardized
foundation upon which computational simulations, experimental vali-
dations, and application-specific refinements can be systematically
executed. Future research will prioritize the quantitative mechanical
characterization of these topologies, the development of additive-
manufacturing-ready embodiments, and the integration of MSMDM-
derived architectures into functional systems ranging from high-
efficiency energy absorbers and deployable structures to adaptive soft
robotic components.

5. Conclusion

This work establishes the Multistable Metamaterial Design Method
(MSMDM) as a unified, topology-based framework for the systematic
generation, classification, and nomenclature of planar and spatial mul-
tistable metamaterials. By fundamentally re-engineering the chiral
minimal structures used in auxetic design, we introduce the planar
chiral bistable seed Zg and its volumetric extension Zsg. We demonstrate
that a discrete library of seven topological transformations is sufficient
to both reconstruct a broad class of reported multistable architectures
and generate novel multistable structures. The MSMDM shifts the design
paradigm from localized geometric optimization to global topological
generation, defining a vast design space governed by dimensionality and
chirality. A formalized naming protocol ensures mathematical trace-
ability across all derived topologies, while the introduction of the
"superchirality”" parameter provides a robust metric for treating planar
and spatial chirality within a consistent analytical framework. Through
representative examples of multistable structures including multistable,
constant force, neutrally stable and countersnapping structures, we
show that the MSMDM captures existing multistable structures while
enabling the design of novel planar and spatial topologies. By defining
unit cells through a Voronoi-based formalism, these structures are
inherently compatible with planar and spatial tessellation. Ultimately,
the MSMDM offers a generative and extensible methodology that
bridges the gap between abstract topology and functional mechanical
metamaterials, providing a foundation for future numerical optimiza-
tion and application-driven structural exploration.
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