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Bistable architected metamaterials exploit geometric instability
to enable snap-through switching, programmable mechanical
response, and reconfigurable deformation, making them attractive
for soft robotics, deployable structures, and shape-morphing sys-
tems. Nevertheless, many existing bistable architected metamater-
ials rely on axial compression, tension, or torsion to trigger
bistability. Stable state transformation triggered by an externally
applied bending moment or imposed rotation remains less devel-
oped despite its natural compatibility with flexure-dominated
structural systems. In addition, conventional planar bistable
curved-beam unit cells provide limited geometric routes for coor-
dinating bistability and load-bearing capacity. Here, we introduce
an Antisymmetric-Bending-Enabled Architected Metamaterial (A-
BEAM), a modular unit cell consisting of two three-dimensional
curved shells connected by a stiff I-shaped frame. Each unit cell
enables local transformation between stable states, allowing the
collective response of assembled units to be translated into pro-
grammable planar and spatial reconfiguration. Stable state trans-
is achieved through the antisymmetric bending
deformation of the curved shells. The curved-shell geometry also
provides a widthwise geometric degree of freedom for coordinating
bistability and load-bearing capacity. To understand and predict

formation

this behavior, we develop a physically interpretable strip-
discretized analytical model, in which the curved-shell response
is constructed from the dominant bending contribution arising
from strip deflection, together with strip torsion and inter-strip
interactions. Experiments on 3D-printed specimens, together with
finite element analysis, were used to evaluate the characteristic
mechanical properties and validate the analytical model. Across
the parametric FEA design space, the analytical model captures
the key response features with mean relative errors of 4.9% and

9.5% for the peak moment and bistable ratio, respectively. A
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New concepts

This work introduces the Antisymmetric-Bending-Enabled Architected
Metamaterial (A-BEAM), a modular unit cell in which stable state trans-
formation is enabled by antisymmetric bending of three-dimensionally
curved shells under an externally applied bending moment or imposed
rotation. This coupling between bending load and antisymmetric curved-
shell deformation is directly compatible with flexure-dominated struc-
tural systems. A key concept of this work is that the A-BEAM functions not
only as an individual bistable unit cell, but also as a modular building
block that can be assembled into larger reconfigurable structures.
Through selective switching of local unit cells, A-BEAM assemblies can
be programmed into different stable global shapes without continuous
actuation, offering potential for inverse shape morphing. In addition, the
three-dimensional curved-shell geometry introduces a widthwise geo-
metric tuning route for coordinating load-bearing capacity and bistability
under bending-dominated loading. Beyond the structural concept itself,
the key methodological advance of this work is a physically interpretable
analytical model that constructs the complex curved-shell response from
strip deflection, strip torsion, and inter-strip interactions. It further
enables geometry-based tuning of A-BEAM mechanical behavior, yielding
compact predictive formulas for the peak moment and bistable ratio. In
all, this study introduces a modular A-BEAM concept and an interpretable
predictive framework for understanding, rapidly evaluating, and further
developing architected metamaterials with stable state transformation
under bending.

parametric study based on 1225 finite element simulations further
shows how the mechanical behavior is primarily determined by
two dimensionless geometric parameters. Compact predictive
formulas are established for the peak moment and bistable ratio.
Overall, the A-BEAM provides a structural strategy for developing
bistable architected materials and reconfigurable systems that
operate under bending, with tunable bistability and programma-
ble shape transformation.
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1. Introduction

Architected metamaterials derive their mechanical properties
primarily from geometry and topology rather than chemical
composition. By assembling unit cells, the collective
response can be programmed to exhibit a wide range of
behaviors."””> Among these, multistable architected metama-
terials have attracted particular interest. Unlike conventional
structures, multistable systems possess two or more energy
minima corresponding to geometrically distinct stable
configurations.* > Transitions between these states can be
triggered by external stimuli, while each stable configuration
can be maintained without continuous actuation. This cap-
ability to access and maintain a target stable state makes
multistable systems highly attractive for applications includ-
ing grippers,’® ¢ robotics,"”° energy absorption,>*>* and
vibration isolation.?*>®

Through careful design of unit-cell geometry, topology, and
materials, the mechanical behavior of multistable architected
metamaterials can be systematically tailored.> This tunable stabi-
lity makes them particularly attractive for programmable mechan-
ical metamaterials,>"****>! reconfigurable structures,'®>%3%>73*
and a wide range of advanced functional systems.'”””**> Among
mechanical actuation modes, axial compression has been the
most extensively studied, with bistable transitions achieved
through buckling and snap-through in curved beams,*”
shells,®** trusses,* tilted beam arrays,?” and origami-based unit
cells.*®*° In conventional planar bistable curved-beam unit cells,
however, the lack of geometric freedom in the third dimension
limits the available design routes for coordinating bistability and
load-bearing capacity. Beyond compression, tension-enabled bist-
ability has also been reported, primarily through energy storage
and release in prestretched linkages and kirigami-based
structures.***>

Compared with these axial-dominated mechanisms, tor-
sion- and shear-driven bistability have received considerably
less attention. Torsion-enabled bistability has been demon-
strated in creased annuli stabilized by crease twisting,*’ in
Kresling origami where panel bending and crease rotation
act in concert,"™*® and in compression-twist coupled
metastructures that integrate hinged beams with Kresling-
inspired trusses to achieve bistability with large collapse
deformation.*® Reprogrammable soft pneumatic metamater-
ials exploiting twisting bistability have further demonstrated
multimodal deformation and post-fabrication
through modular stopper contacts.*” Shear-enabled bistabil-
ity remains even more sparsely explored, with notable exam-
ples including magnet-based periodic architectures that trap
energy under end-shear loading*® and asymmetric kirigami
metamaterials that exhibit configuration switching under
shear.?’

Stable state transformation triggered by an externally
applied bending moment or imposed rotation remains insuf-
ficiently explored, despite the importance of rotation and
curvature in many engineering systems. This loading mode
relevant to flexure-dominated

tuning

is particularly systems,
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including grippers that lock onto objects without continuous
actuation,’®'* soft robotic arms that maintain curved
configurations,”*° morphing wings that switch between aero-
dynamic profiles,”® and deployable structures that snap into
load-bearing configurations.>* Several bending-related bistable
designs have recently been reported. For example, overcurved
linked conical frusta can achieve multistability through local
overcurvature,” inflation-powered folding beams realize bistable
bending through pneumatic actuation,®” torsion-bending antag-
onistic actuators couple multiple deformation modes for
robotic locomotion,'® and rotational bistable mechanisms
have been developed for morphing-wing applications.>®
These studies demonstrate diverse routes to bending-
related bistability for reconfigurable mechanical systems.
Nevertheless, modular architected unit cells that achieve
bistable shape change through controllable shell deforma-
tion, while also serving as scalable building blocks for larger
programmable structures, remain underexplored. In addi-
tion, conventional planar bistable curved beams provide an
important foundation for bistable mechanism design, but
their planar geometry limits the available design routes for
coordinating bistability and load-bearing capacity. There-
fore, a modular structural unit cell that is directly compa-
tible with bending-dominated loading, provides tunable
bistability, and can be assembled into programmable meta-
materials is still needed.

In this paper, we propose an Antisymmetric-Bending-
Enabled Architected Metamaterial (A-BEAM) unit cell
composed of two three-dimensional curved shells and a stiff
I-shaped frame. In the proposed A-BEAM unit cell, the exter-
nally imposed bending moment or rotation drives an anti-
symmetric bending deformation of the three-dimensional
curved shells, which enables snap-through switching between
two stable states. Unlike conventional planar bistable unit
cells, the A-BEAM introduces three-dimensional geometric
freedom and exhibits a tunable bistable moment-rotation
(M-0) response governed by the geometric reconfiguration of
the curved shells. To understand and predict its mechanical
behavior, we develop an analytical model for the curved shell.
The model constructs the dominant bending contribution
from the deflection of discretized strips, refines this bending
description by incorporating higher-order strip modes, and
further accounts for strip torsion and inter-strip interactions.
The model is evaluated against experiments on ten 3D-printed
ABS specimen designs and finite element analysis (FEA).
Furthermore, a parametric study comprising 1225 finite ele-
ment simulations is conducted over the unit cell design space
to demonstrate that the mechanical behavior can be rapidly
evaluated and tuned through geometric parameters, yielding
compact predictive formulas for the peak moment and bis-
table ratio. Overall, this study integrates the A-BEAM concept,
three-dimensional curved-shell geometry, and a physically
interpretable analytical model, thereby providing a new route
for understanding and designing bistable architected meta-
materials and reconfigurable systems that operate under
bending.

This journal is © The Royal Society of Chemistry 2026
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2. Antisymmetric-bending-enabled
architected metamaterial (A-BEAM):
architecture, mechanics, and analytical
model

2.1. Architecture and performance metrics

An A-BEAM unit cell consists of two identical curved thin shells
connected by a stiffer I-shaped frame, as shown in Fig. 1(a). The
two curved shells are arranged symmetrically about the web of
the frame, with their short edges clamped to the frame flanges
and their long edges remaining free. Since the bistable response
of each unit cell is governed primarily by the antisymmetric
bending deformation of the curved shells under the imposed
bending moment or rotation, the subsequent analytical model-
ing, parametric analysis, and performance characterization focus
on a single curved shell, while the frame mainly provides
boundary constraint, load transfer, and structural assembly.
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Fig. 1(b) illustrates the geometric parameters of a single
curved thin shell. Its geometry is defined by the length L, shell
thickness ¢, amplitude 4, and width B along the y-direction. A
Cartesian coordinate system (x, y, z) is established with the
center point O of the curved shell as the origin, where the
reference mid-surface of the shell is described by

A 2nx\ . (my L L
z(x,y) = —cos <T) sin (E)’ X € {—5, 5],
BB
ye [—57 5}
The cosine term along the x-direction gives each constant-y
strip a fixed-fixed curved-beam profile, which makes the geo-
metry suitable for snap-through switching. The sine term along
the y-direction makes the shell antisymmetric about the width-
wise centerline y = 0: strips on the two sides of the centerline
have opposite out-of-plane orientations while retaining
smoothly varying local amplitudes. This antisymmetric
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%ﬁ
M

Unstable Equilibrium State

iv.
Stable Equilibrium State II

Spatial assembly
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Fig. 1 Antisymmetric-bending-enabled architected metamaterial (A-BEAM) unit cell. (a) Unit cell assembly and 3D-printed ABS specimen; (b) definition
of the geometric parameters, loading method, and boundary conditions of the curved shell; (c) bistable deformation process of the unit cell enabled by
antisymmetric bending of the curved shells, showing four representative key states (in each of the panels ii—iv, the deformation of the centerline relative
to that in panel i is highlighted); (d) characteristic moment-rotation response and its interpretation in terms of the energy landscape; (e) assembly-level
demonstrations showing selective switching of A-BEAM unit-cell arrays from initially flat states into planar “S”- and "O"-shaped configurations and a
spatial dome-like configuration.
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curved-shell geometry is the geometric origin of the bending
deformation mode that enables stable state transformation in
the A-BEAM unit cell. Therefore, eqn (1) provides a curved-shell
geometry with four independent design parameters, L, B, A, and
t. The flange thickness of the I-shaped frame is chosen to be
five times the shell thickness (5¢), allowing the shell edges at x =
+L/2 to be approximated as clamped boundaries. An external
bending moment M, equivalently prescribed as an imposed
rotation in the experiments and simulations, is then applied
about the x-axis near the shell centerline to drive the unit cell
between different stable configurations. The corresponding
rotation angle 0 denotes the imposed global rotation about
the x-axis and is used as the generalized loading coordinate in
the moment-rotation response.

Fig. 1(c) and (d) illustrates the schematic moment-rotation
relationship of the unit cell under rotation-controlled loading,
showing its transition between two stable configurations.
Beginning from the first stable state (i), the moment increases
with the applied rotation 6 until it reaches the peak moment M,
at state (ii), which marks the onset of snap-through. As the
rotation continues, the structure enters a negative-stiffness
region with dM/df < 0, passes through the unstable equili-
brium state (iii), and finally reaches the second stable state (iv);
the minimum moment observed throughout this process is
defined as the valley moment, M,. The intersections of the
moment-rotation curve with the axis M = 0 represent equili-
brium configurations: states (i) and (iv) are stable equilibria
with dM/d0 > 0, whereas state (iii) is an unstable equilibrium
with dM/df < 0. From an energy perspective, the blue curve in
Fig. 1(d) shows the energy evolution during deformation, where
the two local minima correspond to the stable equilibrium
states and the local maximum corresponds to the unstable
equilibrium state. The schematic energy barriers AU, and AU,
illustrate the energy-landscape interpretation, and their quan-
titative definitions and comparison with R are provided in
Section S7 of the SIL

To quantify bistability, we introduce the bistable ratio

(2)

A larger positive value of R indicates a deeper negative valley
moment and therefore stronger bistability. On the contrary,
R < 0 indicates that the second stable configuration disappears
and the structure ceases to exhibit bistability. In the following
analysis, the peak moment M, and the bistable ratio R are used
as the primary metrics to characterize the mechanical behavior
of the curved shell.

In addition to the moment-based bistable ratio, an energy-
based metric can also be obtained by integrating the moment-
rotation response along the imposed loading path. The corres-
ponding definitions, comparison with R, and discussion of
the loading-path-dependent limitation®** are provided in
Section S7 of the SI.

For an individual unit cell, the achievable rotation is con-
trolled by the shell geometry. When multiple unit cells are
assembled, their collective bistable transformations across
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stable states can generate larger overall bending angles, tun-
able curvature changes, and programmable global shapes. As
illustrated in Fig. 1(e), an initially flat planar assembly of
A-BEAM unit cells can be selectively switched into stable “S”-
and “O”-shaped configurations. In addition, a spatial assembly
composed of orthogonally connected A-BEAM arrays can be
reconfigured into a dome-like three-dimensional structure.
These demonstrations show that local stable state transforma-
tion can be translated into both global planar and spatial
configurations without continuous actuation. Therefore, the
A-BEAM unit cell serves not only as an individual mechanical
element with tunable bistable behavior, but also as a modular
building block for programmable reconfigurable structures.>*

2.2. Development of the analytical model

To characterize the mechanical behavior of the curved shell in
the proposed A-BEAM unit cell, we develop an analytical model
for its moment-rotation (M-0) relationship under quasi-static
loading. As shown in Fig. 2, the curved shell is discretized into n
equal strips along the width direction. This strip discretization
preserves the widthwise variation of the shell geometry and
describes the antisymmetric bending deformation under the
imposed rotation. Based on this discretization, the overall
response of the curved shell is decomposed into three compo-
nents: the dominant bending contribution generated by the in-
plane deflection of the discretized strips in the x-z plane
(Fig. 2(a)), the torsional contribution associated with local strip
rotation about the x-axis (Fig. 2(b)), and the inter-strip inter-
action arising from lateral mismatch between adjacent strips
along the y-axis (Fig. 2(c)). Detailed derivations and implemen-
tation procedures are provided in Section S1 of the SI. For later
comparison, we further distinguish a simplified isolated strip
model and a final coupled strip model, whose differences are
defined in part (4).

(1) Bending contribution.

As shown in Fig. 2(a), a single curved shell is discretized into
n equal strips along the width (y) direction. For each discretized
strip, the geometric variation along the y direction is neglected,
allowing the strip to be represented by an equivalent fixed—fixed
planar curved beam whose geometry is defined by the strip
centerline profile. This equivalent curved beam is used to
capture the bistable response generated by strip deflection
along the z direction, while only its in-plane deformation in
the x-z plane is considered at this stage. For the ith equivalent
curved beam, f; denotes the vertical force applied at the mid-
span, and y; denotes the effective widthwise moment arm of its
center point. In this paper, n = 10, and the corresponding
sensitivity analysis is presented in Section S1.3 of the SI.

Each equivalent curved beam is characterized by the span L,
width b; = B/n, local amplitude magnitude 4;, and thickness ¢.
To unify the description of strip responses for different geome-
tries, the normalized displacement is defined as 4; = d;/A;, and
the normalized vertical force is defined as F; = fi12L*/(Et*hA,).
By adopting the model proposed in ref. 3 and retaining only the
first- and third-order symmetric modes of each equivalent
curved beam, explicit expressions for the normalized peak force

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Development of the analytical model for the curved shell. (a) Widthwise strip discretization and bending-moment superposition; (b) definition of
the rotation angle and strip torsional contribution; (c) lateral mismatch and the resulting inter-strip interaction mechanism; (d) force—displacement
response at the equivalent curved-beam level, comparing the lower-order modes description, the higher-order modes description, and the FEA result;
(e) comparison of responses at the curved-shell level, showing the predictions of the isolated strip model, the coupled strip model, and the FEA result.

F;p, and bistable ratio R; of the equivalent curved beam can be
obtained:

16

1-3/1——=

[ 16 \ 2
E,p :2‘[[4 (1 +3 1—@>, Ri: —731% (3)
1+3”1_3Q12

Here, the term symmetric modes refers to the in-plane defor-
mation modes of each equivalent curved beam along the
x-direction, whereas the full shell-level response remains gov-
erned by the widthwise antisymmetric curved-shell geometry. It
can be seen that both F;, and R; are determined solely by the
dimensionless geometric parameter Q; = A;/t.

Fig. 2(d) compares the lower-order modes description, the
higher-order modes description, and the FEA result. Here, the
higher-order modes description further introduces the fifth
and ninth symmetric modes on top of the lower-order one.
Both descriptions are used to solve the deflection response of

This journal is © The Royal Society of Chemistry 2026

the equivalent curved beam, and the detailed derivations are
provided in Section S1.1 of the SI. The results show that the
lower-order modes description already captures the basic bis-
table characteristics of the equivalent curved beam, whereas
the higher-order modes description improves the predictions of
the peak region, valley region, and initial stiffness.

At the curved-shell level, the bending contribution M(penq is
obtained by superposing the deflection-induced moment con-
tributions M(gen,y) of the equivalent curved beams corres-
ponding to all strips across the width, ie.,

Miena () = > Maens(0) = S 1AO) @)
i=1 i=1

Fig. 2(b) illustrates the centerline of the curved shell before
and after deformation. The rotation angle 6 is defined as the
imposed rotation about the x-axis associated with the shell
centerline. In the analytical model, the widthwise centerline of

Mater. Horiz.
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the curved shell is assumed to preserve its shape while rotating
about the shell center. This assumption is consistent with the
experimental loading method, where rotation is imposed
through a stiff wall connected to the curved-shell centerline.
Accordingly, the normalized displacement of the outermost
strip, Apug, is used as a single collective coordinate, and the
strip responses are evaluated using 4; X Apuy = 4. This
approximation is most accurate for the outer strips, which
dominate the total moment because of their larger amplitudes
and moment arms. Further discussion is provided in Section
S1.1. The relationship between A and the overall rotation 6 can
then be obtained from the outermost strip as

sin(()—a):%(d—g) :%(4—%) 5)

where o is the angle between the initial centerline of the curved
shell and the horizontal line, and d is the vertical displacement
of the outermost strip. Through the geometric mapping between
4 and 0, the force-displacement response of the equivalent
curved beam can be converted into the moment-rotation
response of the curved shell.

(2) Torsional contribution.

In the above bending contribution, each discretized strip is
described only by the in-plane deflection of its corresponding
equivalent curved beam in the x-z plane. However, during
vertical deformation, each equivalent curved beam also under-
goes local rotation about the x-axis, as illustrated in Fig. 2(b).
Therefore, torsional contribution must be included, which is
expressed as

n n
Mlor(g) = Z Mlor,i(e) = ZktorJG (6)
i=1 i=1

where kor,;) = 4GJi/S; is the torsional stiffness of the ith fixed-
fixed equivalent curved beam, G = E/[2(1 + v)] is the shear
modulus, J; is the torsion constant of the curved-beam cross-
section, and S; is the arc length of the curved-beam centerline.

(3) Inter-strip interactions.

Besides bending and torsion, the overall response of the
curved shell also depends on interactions between adjacent
strips. As shown in Fig. 2(c), the vertical force f; on the ith
equivalent curved beam produces a beam-end axial force p;. If
the strips were analyzed in isolation, the axial force in each
strip would allow it to deform laterally in the width direction
according to its own response. In the continuous curved shell,
however, adjacent strips remain connected, so their lateral
deformations must be compatible. This compatibility require-
ment gives rise to an inter-strip interaction force n; at the strip
interface:

ni(4) = =3 lpie1 (4) = pi(A) )

where v is the Poisson ratio, which accounts for the lateral
deformation associated with the axial response of each strip.
Because adjacent strips differ in geometry, they deform
differently under loading. As a result, the above interaction
force produces an additional moment My, at the strip

Mater. Horiz.
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interface, and its contribution to the overall bending moment
can be written as

n—1 n—1

= Mini(0) = > _ ni(4)hi(4) (8)

i=1 i=1

Mint(e)

where the lever arm /;(4) is defined as the average z-coordinate
difference between adjacent equivalent curved beams. The
detailed derivation of p;, n;, and A; is provided in Section S1.2
of the SI.

(4) Decomposition of the total response.

By combining the three components described above, we
obtain the final analytical model, which we call the coupled
strip model. It expresses the total moment of the curved shell as

Mcoupled(e) — Mgéigger-modes)(e) + Mtor(e) + Mint(g)
©)

To gain analytical insight, we also introduce a simplified
model that explicitly relates the geometric parameters to the
mechanical behavior. In this isolated-strip model, strip torsion,
inter-strip interactions, and higher-order mode effects are
neglected. In this case,

Misolated(o) _ M-ggl\;vgrfmodes)(o) (10)

Fig. 2(e) compares the predictions of the isolated strip
model and the coupled strip model with the FEA result. It
can be seen that, although the isolated strip model captures the
basic trend of the overall response, it still shows deviations in
the predictions of the peak, valley, and initial stiffness. On the
contrary, after incorporating the enhanced bending descrip-
tion, the strip torsion, and the inter-strip interactions, the
coupled strip model agrees much better with the FEA result.
The progressive predictions obtained by including these com-
ponents are further shown in Fig. S1(d). Unless otherwise
specified, the term analytical model hereafter refers to this
coupled strip model. Although the model does not fully repro-
duce the detailed shape of the negative-stiffness regime, it
captures the key mechanical metrics and bistable characteris-
tics of the curved shell with reasonable accuracy.

2.3. Experimental and numerical assessment of the analytical
model

To evaluate the analytical model established for the curved
shell in Section 2.2, experiments were carried out on ten A-
BEAM half-unit-cell designs with different geometric para-
meters. For each design, four specimens were fabricated from
the same CAD geometry and tested to evaluate experimental
repeatability and specimen-to-specimen variation. Their
moment-rotation relationships were then compared with the
predictions of the analytical model and finite element analysis
(FEA). The specimen labels and geometric parameters are listed
in Table S1. The specimen fabrication and experimental setup
are described in Section 3.1, while the finite element (FE)
modeling procedures are presented in Section 3.2.

Fig. 3(a) compares the moment-rotation (M-0) relationship
of the Base specimen obtained from experiments, FEA, and the

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Mechanical response of the curved shell and validation of the analytical model in the A-BEAM unit cell. (a) Representative moment-rotation
response of the Base specimen obtained from experiments, the analytical model, and FEA, together with experimental images and FEA stress contours at
characteristic states; (b) typical deformation and failure modes observed in the experiments; (c) parity plot of the peak moment M, comparing analytical
and FEA predictions against experiments; (d) parity plot of the bistable ratio R, comparing analytical and FEA predictions against experiments; (e)
experimental and analytical results showing the effects of geometric parameters on M, and R: varying shell amplitude A with L = 40 mm, B = 30 mm, and
t = 0.6 mm (top left); varying shell width B with L = 40 mm, A = 3.5 mm, and t = 0.6 mm (top right); varying shell thickness t with L = 40 mm, B = 30 mm,
and A = 3.5 mm (bottom left); and varying shell length L with B = 30 mm, A = 3.5 mm, and t = 0.6 mm (bottom right). In panel (a), light blue curves denote
individual repeated experiments, and the dark blue curve denotes the mean experimental response. In panels (c)-(e), experimental markers represent the
mean values obtained from four repeated specimens for each specimen design, and error bars denote one standard deviation. In panel (e), lighter-
colored markers indicate specimens in which fracture was observed during testing.
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analytical model, while the corresponding results for the
remaining specimens are provided in Fig. S2. The light blue
curves denote individual repeated experiments, and the dark
blue curve denotes the mean experimental response. The
experimental response exhibits typical bistable behavior: the
moment first increases to the peak moment M, after which the
specimen begins to undergo evident shape reconfiguration and
enters a negative-stiffness regime. During the transition from
Stable State I to Stable State II, the moment decreases to the
valley moment M,, by which point the overall configurational
transition is largely completed, and the response finally re-
enters a positive-stiffness region. The FEA result closely repro-
duces the experimental response and deformation modes,
while the analytical model captures the main features of the
response, including the peak moment, valley moment, and
overall trend. Fig. 3(c) and (d) further show that both the
analytical model and FEA agree well with the experimental
measurements of the peak moment and bistable ratio. The
repeated experiments show that M, is highly repeatable among
specimens fabricated from the same CAD geometry, with
coefficients of variation ranging from 1.8% to 6.6%. On the
contrary, R exhibits larger variation because it depends on the
valley moment, which is more sensitive to asymmetric transi-
tion, local damage, and fracture in thin shells. For example, the
high-amplitude specimen A-3 shows a relatively large scatter in
R (COV = 43.81%), consistent with the observed local fracture.
For weakly bistable specimens such as B-1 and L-2, the valley
moment is close to zero, so small absolute variations in M, can
lead to relatively large changes in R, with COV values of 58.11%
and 28.86%, respectively. The detailed repeatability statistics
are provided in the SI (Table S2).

Fig. 3(b) presents the typical deformation and failure modes
observed in the experiments. Most specimens follow the
intended deformation pathway of the A-BEAM unit cell. At the
shell level, the deformation is governed by widthwise antisym-
metric bending of the curved shell. At the strip level, the
deformation of each equivalent curved beam remains domi-
nated by symmetric in-plane modes along the x-direction,
which is consistent with the assumption used in the analytical
model. On the contrary, the short-length specimen L-1 and the
high-amplitude specimen A-3 exhibit pronounced asymmetric
modes at relatively large rotation angles, indicating a departure
from the idealized deformation pathway assumed in the model.
The FEA results show that high stresses are mainly concen-
trated in the middle region of the curved shell near its connec-
tion to the loading handle, and the experimentally observed
fractures in A-3 occur in the same stress-concentrated region.
These observations indicate that this transition region is a
critical weak point of the curved shell and should be considered
carefully in structural design. They also help explain why the
analytical model predicts M, more accurately than the valley-
stage metrics. The peak moment is reached at an early loading
stage, before pronounced asymmetric transition, local damage,
or fracture develops. On the contrary, the valley moment and
bistable ratio are determined after substantial shape reconfi-
guration and are therefore more sensitive to asymmetric
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transition, local damage, and fracture. These effects primarily
influence the robustness of the second stable state rather than
the initial peak load.

Fig. 3(e) summarizes the influence of geometric parameters
on the peak moment M, and bistable ratio R, where solid curves
denote analytical predictions and discrete markers denote
mean experimental results obtained from repeated specimens.
The error bars represent one standard deviation. The results
show that increasing the amplitude A and width B both increase
the peak moment M,,. Increasing B also increases the bistable
ratio R, whereas increasing A causes R to first increase and then
gradually approach saturation. Increasing the thickness ¢
mainly leads to a significant increase in M, while increasing
the length L causes both M, and R to decrease. Despite the
specimen-to-specimen scatter indicated by the error bars, the
mean experimental results follow the same geometry-
dependent trends as the analytical predictions. Overall, the
analytical model predicts the key mechanical metrics and
captures the effects of geometric parameters on the curved-
shell response with good accuracy.

2.4. Geometry-performance relations and predictive formulas

To better understand the mechanical behavior of the curved
shell in the proposed A-BEAM unit cell over a broader para-
meter space and to establish predictive formulas for rapid
evaluation, the relationship between geometry and mechanical
response is further investigated using parametric FEA results.
The parametric analysis setup is described in Section 3.3. The
analytical model in Section 2.2 indicates that the local
amplitude-to-thickness ratio A/t controls the bistable response
of the equivalent curved-beam strips. In addition, the width-
wise geometric distribution is a distinguishing feature of the
present three-dimensional curved-shell architecture compared
with conventional planar curved beams. Accordingly, A/t and B/
L are adopted as the two dimensionless geometric parameters
defining the design space. The peak moment M, and the
bistable ratio R are selected as the two primary performance
metrics. An additional energy-based assessment is provided in
Section S7 of the SI.

Fig. 4(a) and (b) show the distributions of the normalized
peak moment (with the derivation provided in Section S4.1) and
the bistable ratio in the A/t-B/L design space, respectively. In
these plots, the background color represents the continuous
predictions of the analytical model, while the discrete points
denote the parametric FEA results. The analytical model agrees
well with the FEA results across the design space, with mean
relative errors of 4.9% and 9.5% for M, and R, respectively.
Fig. 4(c) further illustrates the coupled evolution of normalized
peak moment and bistable ratio in the same geometric design
space. The normalized peak moment increases with both A/¢
and B/L, indicating that a larger initial curvature and a larger
width-to-length ratio both contribute to improving the load-
bearing capacity of the curved shell. The bistable ratio R also
exhibits a clear regional distribution. When both A/t and B/L are
small, the A-BEAM unit cell tends to be monostable. As B/L
increases, bistability is continuously enhanced. On the

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Geometry—performance maps and predictive relations for the curved shell. (a) Distribution of the normalized peak moment in the A/t—B/L design

space;

(b) distribution of the bistable ratio R in the A/t-B/L design space,

together with the R = 0 boundary separating the monostable and bistable

regions; (c) coupled evolution of the normalized peak moment and bistable ratio based on the analytical model; (d) linear fitting relation for the peak
moment; (e) parity plot of the predictive formula for the bistable ratio; (f) maximum-strain map from the parametric FEA results for B = 30 mm, showing
the boundary between the elastic and plastic regimes. In panels (a) and (b), the background color represents the analytical prediction, while discrete
points are colored according to the parametric FEA results using the same color scale. Perfect agreement between the analytical and simulation results
would result in the points appearing camouflaged against the background. In panel (f), the background color represents the FEA-predicted maximum
strain, where solid markers denote elastic cases and hollow markers denote cases in which plasticity occurs. The dashed orange curve indicates the
approximate elastic—plastic boundary. The highlighted yellow, orange, and white markers indicate T-1, Base/B-2, and A-2, respectively, which were

selected for the cyclic switching tests.

contrary, as A/t increases, bistability gradually approaches a
plateau, and once A/t exceeds a certain threshold, its influence
on R becomes much weaker. The R = 0 boundary is shown in
Fig. 4(b) to distinguish the monostable and bistable regions.

These results reveal different roles of the two dimensionless
geometric parameters in controlling the performance of the A-
BEAM unit cell. Increasing A/t is highly effective in enhancing
the peak moment but provides diminishing benefits for bist-
ability beyond a certain level, whereas increasing B/L improves
both load-bearing capacity and bistability. More importantly,
these two features can be improved simultaneously by tuning
the three-dimensional geometry of the curved shell. A repre-
sentative planar curved beam is shown in the SI (Fig. S4) to
illustrate the difference from an A-BEAM unit cell. Unlike the
planar curved beam, the A-BEAM introduces an additional
widthwise geometric tuning route, where the width-to-length
ratio, B/L, can modulate bistability while also contributing to
load-bearing capacity. This behavior highlights how the three-
dimensional curved-shell architecture can coordinate load-
bearing capacity and bistability within the investigated
design space.

Based on the geometry-performance maps, compact predic-
tive formulas are further established for the key performance
metrics. In particular, the derivation in Section S4.1, based on

This journal is © The Royal Society of Chemistry 2026

the isolated strip model, predicts that Mj, has a linear relation-
ship with EB*AZ*/L?, i.e.,

EB*AP

M, 5

= kn (11)

This expression can be rewritten in normalized form as

()

e~ M )\L
where ky, is a fitting coefficient. Linear fitting based on the
parametric results gives ky; = 12.840, as shown in Fig. 4(d). This
result indicates that the normalized peak moment can be
rapidly estimated from the two dimensionless geometric para-
meters A/t and B/L.

In comparison, the variation of the bistable ratio R is more
complex. As shown in Fig. S3(b) and S3(c), for a fixed B/L, R
increases rapidly with increasing A/¢ at first and then gradually
approaches saturation. For a fixed A/t, R exhibits an approxi-
mately linear negative correlation with (B/L)>. Further observa-
tions show that, when B or L is varied, the R-A/t curves differ
mainly in their saturation levels, while their overall growth
form remains nearly unchanged. On the contrary, when A or ¢ is
varied, the R—(B/L)"? curves differ mainly in their intercepts,
while the slope changes only slightly. These trends suggest that

(12)
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the influences of A/t and B/L on R are approximately separable.
Based on these observations, we propose a predictive formula
for the bistable ratio:

-2
R=—a (g) +AR [1 — exp(—kké)} +c

where a, AR, k;, and c are fitting parameters. Further details are
provided in Section S4.2 of the SI.

In this expression, the first term represents the width-to-
length contribution, where the negative (B/L)"> dependence
captures the reduction of bistability at small B/L. The exponen-
tial saturation term describes the increase and subsequent
saturation of bistability with increasing A/¢t. The parity plot in
Fig. 4(e) shows that this predictive formula reproduces the
parametric results well, with an average relative error of only
3.4%, thus providing a basis for rapid estimation of the bistable
ratio of the curved shell. It is worth noting that the above
predictive formula is intended for rapid evaluation of key
performance metrics, rather than for reconstructing the com-
plete M-0 response. In addition, because it is a fitted relation
established from the FEA results within the present design
space, its generalizability is more limited than that of the
analytical model derived from mechanical principles.

In addition to load-bearing capacity and bistability, whether
the material enters the plastic regime is also an important
design constraint. Fig. 4(f) shows the distribution of the max-
imum strain obtained from the parametric FEA results for the
case of B =30 mm. Since the analytical model does not directly
provide strain information, this map is based entirely on the
FEA results. In this figure, the background color represents the
maximum strain, solid markers indicate cases that remain
elastic during loading, and hollow markers indicate cases that
enter the plastic regime, using &émax > 0.02 as the criterion for
the onset of plasticity. The FEA results further show that the
maximum strain is governed primarily by the longitudinal
strain component &;; and varies only weakly with changes in
B. Therefore, t/L and A/t are adopted as the horizontal and
vertical coordinates, respectively, for the plasticity-boundary
analysis. Fig. 4(f) thus defines the boundary between the
elastically reversible region and the plastic region. It also shows
that, although increasing A/t is beneficial for improving load-
bearing capacity and bistability, an excessive increase may drive
the structure into the plastic regime. This boundary therefore
provides a direct guideline for avoiding irreversible deforma-
tion in practical applications.

To further examine how this elastic-plastic design boundary
influences repeatable switching, cyclic tests were performed on
four representative specimens highlighted in Fig. 4(f): T-1 in the
elastic regime, Base and B-2 near the elastic-plastic boundary,
and A-2 in the plastic regime. Two testing protocols were con-
sidered: ten consecutive loading-unloading cycles and five day-
separated loading-unloading cycles, with a one-day interval
between cycles to minimize viscoelastic effects. The detailed
results are provided in Section S6 of the SI. The T-1 specimen
exhibited the most stable response under both protocols,

(13)
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retaining approximately 95% of M, and 90% of R after twenty
continuous switches, and approximately 98% of both metrics
after ten day-separated switches. Base and B-2 showed moderate
degradation under continuous cycling, with M, and R decreasing
to approximately 66% and 33% for Base and 80% and 52% for
B-2, respectively. Their day-separated responses remained much
closer to the initial values over ten switches, with both metrics
remaining above approximately 94%. As expected, the A-2 speci-
men, which operates in the plastic regime, exhibited rapid
degradation after fracture was observed, with M, eventually
decreasing below 10% of its initial value. These results show that
geometries in the elastic region are more suitable for repeatable
stable state transformation, whereas geometries that enter the
plastic regime are more susceptible to irreversible degradation.

3. Materials and methods

3.1. Specimen design, fabrication, and experimental methods

The test specimen represents one half of the proposed A-BEAM
unit cell, consisting of one curved shell, its supporting frame,
and two handles used for rotational loading. Since the bistable
response of the unit cell is mainly governed by the antisymmetric
bending deformation of the curved shell, and the two curved
shells in the A-BEAM unit cell are arranged symmetrically about
the web of the I-shaped frame, a half-unit-cell specimen was
adopted to directly characterize the mechanical behavior of a
single curved shell while preserving the actual boundary con-
straints and loading method. The geometric parameters of the
specimens are listed in Table S1. Taking the Base specimen as
the reference, the curved-shell amplitude A, thickness ¢, width B,
and length L were varied separately, resulting in four groups of
specimen geometries, namely the 4, T, B, and L groups. Fig. 5(a)
shows representative specimens with different values of L and A.
For each specimen design, four specimens were fabricated from
the same CAD geometry and tested. All specimens were fabri-
cated from ABS-M30 using a Stratasys F170 FDM printer. The
same build orientation and printing settings were used for all
specimens to minimize process-induced variability.

The experiments were carried out using a custom-built
bending machine, as shown in Fig. 5(c). The apparatus mainly
consists of two rotary stages, a movable platform, and torque
measurement components. The specimen was mounted by
inserting the two handles into the grooves of the loading blocks
on both sides, as illustrated in Fig. 5(b). This geometric
matching ensured stable end connections and repeatable posi-
tioning. The two loading blocks were fixed to two rotary stages,
one connected to the stationary side and the other connected to
the movable platform. This arrangement ensured synchronous
rotational loading at both ends while allowing the system to
release redundant translational constraints during loading,
thereby reducing disturbance to the target bending response
of the specimen.

The experiments were conducted under rotation-controlled
loading. The end rotations were synchronously imposed by the
two rotary stages, and the corresponding reaction moments

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Experimental setup and FE models. (a) Photos of A-BEAM half-unit-cell specimens with different shell lengths L and shell amplitudes A; (b)
schematic illustration of the test specimen and the loading block; (c) custom-built rotational bending machine; (d) two stable equilibrium states observed
during the experiments; (e) detailed FE model; (f) simplified shell FE model.

were recorded by the torque measurement components. These
components were excited by a 10 V DC voltage, and the output
voltage was converted into the corresponding moment accord-
ing to the calibration results of the torque measurement
components. The moment of the specimen was taken as the
average of the reaction moments measured at the two rotary
stages, while the global rotation angle 0 was defined as the
relative rotation between the two ends, corresponding to the
sum of the magnitudes of the synchronously imposed end
rotations. In this way, the moment-rotation response of the
specimen was obtained. Fig. 5(d) shows the two stable equili-
brium states observed in the experiments, at which the mea-
sured moment is close to zero.

3.2. Finite element modeling

Two finite element (FE) models were established in this work: a
detailed FE model corresponding to the test specimens and a

This journal is © The Royal Society of Chemistry 2026

simplified shell FE model for large-scale parametric analysis.
The detailed model was used to reproduce the geometry,
loading method, and boundary conditions of the experimental
specimens, whereas the simplified model was adopted to
improve computational efficiency while retaining the dominant
response mechanisms.

The detailed model is shown in Fig. 5(e), including the
curved shell, the frame, and two handles used for loading.
The model was discretized using C3DS8R solid elements, with
four elements assigned through the shell thickness to better
capture bending deformation. The material properties were
defined based on the tensile response of ABS-M30. The material
exhibits a linear elastic response at small strains and begins to
show nonlinear yielding at a strain of approximately 0.02,
corresponding to a yield stress of about 33 MPa. Therefore,
& = 0.02 was used as the yield-strain threshold for identifying
whether a specimen enters the plastic regime during loading.

Mater. Horiz.
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Geometric nonlinearity was included to describe the nonlinear
response under large rotation angles. The degrees of freedom
of the two handle end surfaces, shown as the orange surfaces in
Fig. 5(e), were coupled to two reference points, RP1 and RP2,
respectively. For RP1, the translational degrees of freedom were
constrained, and all rotations except the target rotational
degree of freedom were suppressed. For RP2, the target rotation
was prescribed, while the redundant horizontal translational
degree of freedom was released to avoid over-constraining the
specimen during large rotation. By extracting the reaction
moments and rotation angles at the two reference points and
then taking the average of the reaction moments and the sum
of the rotation angles, respectively, the predicted M-0 response
was obtained.

In addition to the detailed FE model used for comparison
with the experiments, a simplified shell FE model was further
established for parametric analysis, as shown in Fig. 5(f). This
model retains only the curved shell and is discretized using S4R
shell elements. Considering the thickness effects of the loading
ends and boundary regions in the experiments, idealized
boundary conditions were not directly imposed on the shell
edges. Instead, stiffened regions were retained at the loading
segment and the boundary ends, corresponding to the orange
and red regions in Fig. 5(f). The nodes in these regions were
coupled to reference points, at which the rotational loading and
boundary conditions were applied. Compared with the detailed
FE model, the simplified shell model preserves the main load-
transfer characteristics and constraint effects at a significantly
lower computational cost, while the discrepancy in predicting
the key mechanical performance metrics remains within 5%.

3.3. Parametric analysis setup

To evaluate the variation of the mechanical behavior of the
curved shell over the geometric design space, a parametric
analysis was carried out based on the simplified shell FE model
described in Section 3.2. In the parametric study, the shell
length L was taken as 30, 35, 40, 45, and 50 mm; the shell width
B was taken as 25, 27.5, 30, 32.5, and 35 mm; the shell
amplitude 4 ranged from 2 to 8 mm with seven values in total;
and the shell thickness ¢ ranged from 0.4 to 0.7 mm with seven
values in total. By combining these four geometric parameters,
5 x 5 x 7 x 7 = 1225 parametric FE models were established
and analyzed, thereby covering the geometric design space
considered in this work.

For each parametric model, a complete M- response curve
was obtained under rotation-controlled loading, from which
the peak moment M, valley moment M,, and bistable ratio R
were extracted. For the supplementary energy-barrier analysis
in Section S7, the energy landscape U(0) was calculated by
numerically integrating the corresponding M-6 curve along
the imposed rotation-controlled loading path. In addition, to
evaluate whether the structure enters the plastic regime during
loading, the maximum strain throughout the entire loading
history, denoted by &,.x, Was extracted and compared with the
yield-strain threshold of 0.02.
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4. Conclusions

In this work, we introduced an Antisymmetric-Bending-
Enabled Architected Metamaterial (A-BEAM), whose unit cell
consists of two three-dimensional curved shells connected by a
stiff I-shaped frame. In this unit cell, an externally applied
bending moment or imposed rotation drives the curved shells
into an antisymmetric bending deformation, producing snap-
through switching between two stable states. This mechanism
provides a route for developing architected metamaterials that
are compatible with bending-dominated structural systems. In
addition, the unit cell can be assembled into planar and spatial
structures, where selective switching of local unit cells enables
programmable global shape reconfiguration.

To understand and predict the mechanical response of the
A-BEAM unit cell, an analytical model was established for the
curved shell by combining the dominant bending contribution
from discretized strip deflection with strip torsion and inter-
strip interactions. Experiments on ten 3D-printed specimen
designs, together with finite element analysis, were used to
evaluate the characteristic bistable moment-rotation response.
The results show that the analytical model captures the key
mechanical features of the curved shell with good accuracy,
including the peak moment M, the bistable ratio R, and their
geometry-dependent trends.

Building on this validation, a large-scale parametric study
consisting of 1225 finite element models was carried out to
establish geometry-performance relations over the design
space. The two dimensionless geometric parameters, A/t and
B/L, were found to effectively characterize the mechanical
response. Increasing A/t is highly effective in enhancing the
peak bending moment, whereas increasing B/L improves both
the peak moment and bistability. These results show that the
three-dimensional curved-shell geometry introduces a width-
wise geometric tuning route for coordinating load-bearing
capacity and bistability within the investigated design space.
Compact predictive formulas were further established for M,
and R, enabling rapid estimation of the key performance
metrics. The maximum-strain map with the elastic-plastic
boundary was also established to provide a practical constraint
for avoiding irreversible deformation. Overall, the proposed A-
BEAM unit cell and its analytical model provide a practical
basis for developing bistable architected metamaterials and
reconfigurable systems that operate under bending, with tun-
able bistability, repeatable switching, and programmable shape
transformation.
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