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Reconfigurable mechanical systems enable precise programmable control over structural properties, expanding
opportunities in architected materials, adaptive devices, and multifunctional structures. Here, we introduce elas-
tic rod origami (RodOri), a platform that exploits remarkably simple elements—prestressed, naturally curved
rods—into a system with an extraordinary degree of multistability and configurational richness. For example, a
single six-rod RodOri unit can easily access 11 distinct configurations, far exceeding the reconfigurability of con-
ventional origami or general mechanical reconfigurable systems. Individual rods, constrained under clamped
boundary conditions, undergo transitions between discrete morphologies whose strain energy and stiffness are
precisely prescribed by their natural curvature. Assembling these rods into modular multirod architectures yields
metamaterials with numerous stable configurations that can be selectively and reversibly programmed. This con-
figurational diversity enables tunable static stiffness and nonlinear force response, thus enabling tunable dynam-
ic behaviors such as vibration filtering, wave propagation switching, and mode conversion within a single, easily
manufactured platform. By leveraging curvature-induced mechanical instability, RodOri unlocks highly program-
mable static and dynamic mechanical behavior, offering tailorable design strategies for reconfigurable structures,

soft robotics, medical devices, and adaptive materials.

INTRODUCTION

Reconfigurable mechanical systems (1-6) are rapidly transforming the
design of architected materials and structures by enabling tunable or
programmable properties and functions such as stiffness (1, 2, 5, 7),
strength (I, 6), mechanical logic/memory (8-10), and dynamic re-
sponse such as wave manipulation (11-14). Among various reconfigu-
ration strategies, mechanical instability offers a particularly powerful
mechanism (I5) that allows systems to access multiple stable states,
store and release elastic energy, or undergo rapid shape transitions in
response to external stimuli. Snap buckling, in particular, is advanta-
geous for achieving fast, reversible transformations and has been wide-
ly harnessed in soft robotics (16), metamaterials (17), and diverse
multistable structures (18-21). By leveraging instability in beams, rods,
plates, and shells, engineers have developed mechanical systems for en-
ergy absorption (22-24) and storage (25), vibration control (26, 27),
and logic functions (9, 28, 29).

Here, we introduce elastic rod origami (RodOri), a distinct class of
reconfigurable mechanical systems established by using elastic insta-
bilities in prestressed rod elements to achieve programmable multista-
bility and multifunctionality. Unlike conventional approaches that
achieve reconfigurability through bistable elements (1, 30-33) and/or
hinge-based linkages (13, 14, 34-36), RodOri exploits geometrically
simple yet versatile curved rods to encode elastic instabilities that drive
a set of discrete, reconfigurable states within a multistable architecture.
Crucially, the elastic energy landscapes associated with these multiple
stable states enable programmable mechanical properties, both static
and dynamic, empowering the structure to perform diverse, adaptive
functions and seamlessly switch between them on demand.

At the core of this platform is a curved rod prestressed to be
straight by clamped-clamped boundary conditions, referred to as the
Hutchinson rod (37), which acts as the fundamental element of the
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RodOri. As illustrated in Fig. 1A, when subjected to axial compression,
the Hutchinson rod first undergoes Euler buckling and subsequent in-
plane deformation, followed by a characteristic snap-buckling transi-
tion when the axial displacement reaches a critical value (movie S1).
This snapping response is governed by the rod’s intrinsic natural cur-
vature (k, = 1/R) in its stress-free state, which defines its sole stable
state (i.e., monostable) in isolation. Notably, when two such rods are
straightened by applying opposing external bending moments and
rigidly joined at their ends, they form a self-equilibrated “bi-rod”
structure (Fig. 1B), in which the internal bending moments counter-
balance one another, yielding a stable bi-rod. Upon axial compres-
sion, the bi-rod snaps into a looped configuration, resulting in a second
mechanically stable state. Furthermore, a third stable state emerges
when bending is applied at the ends (fig. S1), illustrating the intrinsic
multistability of the bi-rod unit.

Building on the bi-rod concept, larger assemblies of Hutchinson
rods can be architected into RodOri structures with multiple mechan-
ically stable configurations. These structures can reversibly transition
between states, enabling mechanical programmability and reconfigu-
rability. Figure 1C shows an example of such a structure composed of
six rods. While stable in its straightened form (deployed), the assem-
bly can be axially compressed into a second stable state (orange, 0°
twist) or rotated in discrete 60° increments to achieve additional sta-
ble states, totaling six distinct configurations. More configurations are
possible by changing the rod geometry. We refer to this multirod con-
struct as a single RodOri unit. Both the Hutchinson rods and rigid
bases for RodOri are 3D printed, making them simple to produce and
easily adaptable to different designs. By stacking or tessellating these
units (Fig. 1D and see fig. S2 for units capable of tessellation), we real-
ize a modular platform for selective reconfiguration, allowing mechani-
cal properties and thus functionalities to be tailored across different
global states. Owing to the intrinsic reconfigurability (n configura-
tions) of each unit, independently programming the state of each con-
stituent within an assembly made of 1 units unlocks a combinatorially
rich and immense design space of n™ possible global configurations,
enabling the fine-grained programmability of global static and dynamic
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Fig. 1. Elastic RodOri. (A) Naturally curved rod, termed a Hutchinson rod, which snap-buckles in 3D when compressed axially after straightening. (B) Bi-rod structure,
stable at the straightened state due to the balance of internal moments. When compressed axially, the bi-rod snaps to a looped second stable state. (C) RodOri unit as-
sembled from six straightened rods, achieving several stable folded configurations which can be switched between by twisting. (D) Assemblies of stacked (left) and tes-
sellated (right) RodOri and their functionality. Tunable nonlinear stiffness is enabled by controlled transitions between global configurations. Individual units of a RodOri
tessellation can be independently reconfigured for fine-grained programmability of global dynamic mechanical properties and tunable vibration control, including vibra-

tion isolation, amplification, or mode conversion. Scale bars, 2.5 cm.

mechanical properties and, in turn, tunable functionalities across the
entire structure.

In this work, we investigate the snapping behavior of individual
prestressed rods with varied natural curvatures and systematically
characterize the multistable states of RodOri achieved through twist-
ing, along with the strain energy landscape of the structure. An indi-
vidual RodOri unit can have as many as 11 discrete configurations.
Stacked assemblies of these units (Fig. 1D, left) exhibit tunable non-
linear stiffnesses through controlled transitions between configura-
tions. Extending this concept, we construct active metamaterials in
the form of tessellations of reconfigurable RodOri units (Fig. 1D,
right), demonstrating programmable vibration control, including vi-
bration isolation, amplification, and mode conversion. Considering
the multiple configurations of RodOri and the number of units in an
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assembly, selective reconfiguration enables a vast range of architec-
tural combinations with readily adaptable functionalities. Together,
these results establish RodOri as a platform for easy-to-manufacture
architected structures with mechanically programmable stiffness
and dynamic response, offering a broadly applicable framework for
harnessing mechanical instabilities in multifunctional and reconfig-
urable systems.

RESULTS

Mechanical behavior of Hutchinson rods and RodOri under
axial compression

To understand the mechanical response and functional potential of
RodOri, we begin by investigating the axial compression behavior of
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a single Hutchinson rod (37), as shown in Fig. 2A. Unlike tradition-
al buckling elements, the Hutchinson rod offers a rich, designable me-
chanical response, arising from its intrinsic natural curvature and
slender geometry. As established in our previous work (37), its be-
havior is governed by three dimensionless parameters: the dimen-
sionless natural curvature Lk,/2n (where L is rod length and the
stress-free radius of curvature R defines the natural curvature k, =
1/R), the cross-sectional height-to-thickness ratio h/t, and Poisson’s
ratio v. The mechanical behavior of Hutchinson rods (with v =0.33)
under axial compression (P) is summarized in the phase diagram
of Fig. 2B, in which there are four distinct regions. In region I, rods
cannot remain straight under clamped-clamped boundary condi-
tions and spontaneously snap into a three-dimensional (3D) con-
figuration when Lk,/27 exceeds a threshold set by the rod’s bending
and torsional rigidities (38), while in region II, they buckle out of
plane with twist upon loading (37). In contrast, regions III and IV
exhibit 2D Euler buckling. The mechanical behaviors in regions I
and II have been systematically investigated in (37), and the bounds
of Lky/2m for which the different buckling phenomena occur are de-
fined in the Supplementary Materials.

For rods undergoing Euler buckling (regions IIT and IV), we ob-
serve a secondary bifurcation when the axial displacement A exceeds
a critical value, leading to either twisting or snapping. While twisting
bifurcations in stress-free rods have been reported (39-41), snapping
bifurcations in prestressed rods have not. To understand this previ-
ously unstudied elastic instability, we develop a theoretical model
based on the Kirchhoff rod theory (see the Supplementary Materials
and fig. §3). When Lx,,/2m is relatively small (region IV), the rod twists
without snapping. However, when Lk,/2x is sufficiently large (region
III), such that the stored elastic energy can overcome an energy bar-
rier, the rod snaps, which can further be used for constructing multi-
stable structures. Because the snapping regime widens with increasing
h/t, rods with h/t = 4 are used, where snapping occurs when Li,/27 is
in the range of (1.14, 4.36).

Figure 2C shows the normalized force (P/P,,) versus end short-
ening (A/L) of Hutchinson rods with varied Lk,/2%, comparing
experiments and rod model predictions, where P, is the critical
buckling load. Note that, due to the numerical continuation meth-
od employed, the force-displacement response after snapping pre-
dicted by the rod model exhibits a snap-back behavior and returns

Single Hutchinson rod under axial compression
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Fig. 2. Mechanical behavior of Hutchinson rods and RodOri under axial compression. (A) Schematic of a Hutchinson rod subjected to axial compression. (B) Phase
diagram characterizing the mechanical behavior of Hutchinson rods with different dimensionless natural curvatures Lk,/27 and cross-sectional height-to-thickness ratios
h/t under axial compression. Dots represent the locations of the four natural curvatures considered in (C). (C) Normalized compressive force P/P, versus end shortening

A/L for Hutchinson rods with fixed h/t = 4 and L = 200 mm and varied Lx,/2x of 0.50,

1.27,1.75, and 2.00, as measured in experiments and predicted by the rod model.

Both loading and unloading curves from the experiments are presented, with arrows indicating the loading and unloading paths. The compressive force in the rod
model is normalized by the classical Euler buckling load P, = 4x’El/L? = 0.078 N, with E and | = ht/12 being the Young's modulus and area moment of inertia, respec-
tively, while the compressive force in experiments is normalized by the measured critical buckling load of 0.048 N. (D) Experimental and FEA results of a six-rod RodOri
unit with h/t =4, L = 200 mm, and varied Lkn/2x of 0.50 and 1.27 under compression by a clear plate. Scale bars, 2.5 cm.
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to a zero-displacement state. The experimentally measured critical
buckling load is lower than the theoretical value, reflecting geometric
imperfections that reduce buckling resistance (42-45). Increasing
Liy/2m leads to earlier snapping, providing a way to program the rod’s
instability behavior. Consistent with Fig. 2B, rods with Lk,/21 = 0.50
exhibit twisting without snapping, whereas rods with Lik,/2t = 1.27,
1.75, and 2.00 undergo snapping. The force-displacement relationship
implies that the rod’s snapped configuration behaves as an effective
elastic spring whose postsnapping stiffness k is continuously tunable
via ky. Upon unloading (backward arrows in the plot of Fig. 2C), the
rod snaps back to its straight configuration, following a distinct path
and occurring at a small end shortening (A/L < 0.05). This hysteretic
response further demonstrates the buckled rod’s capacity to effectively
function as a rod-based spring across a broad displacement range
(0.2 S A/L £1). This large operational window is particularly advan-
tageous for vibration-related applications, where consistent and tun-
able mechanical response under large-amplitude oscillations is critical.
This tunable, reversible snapping behavior forms the foundation for
the programmable mechanical properties of RodOri and is later ex-
ploited for dynamic stiffness modulation and vibration control.

To enable standalone reconfigurable functionality, multiple rods
can be assembled into self-equilibrated structures by connecting their
ends at rigid bases, such that their internal bending moments counter-
balance, resulting in a multi-rod RodOri unit (as introduced earlier).
Here, we investigate a six-rod RodOri unit subjected to axial compres-
sion from its deployed state. For assemblies composed of rods with
low natural curvature (e.g., Lkn/21 = 0.50) (Fig. 2D, left), the rods ex-
hibit extended in-plane buckling followed by eventual out-of-plane
twisting deformation at large end shortening. The strain energy rises
monotonically during loading (fig. S4), and the structure fully re-
bounds to its initial deployed configuration upon unloading, demon-
strating monostable behavior (movie S2). In contrast, for higher natural
curvatures (e.g., Lkn/2n = 1.27) (Fig. 2D, right), the rods snap under
compression, collapsing into a stable folded configuration that persists
after the compressive load is removed, indicating the potential for mul-
tistability (movie S2). The finite element analysis (FEA) results (bottom
row of Fig. 2D) closely replicate the experimental results and capture the
associated strain energy evolution (fig. S4 and see the Supplementary
Materials for structural simulation details).

Multiple configurations and multistability of RodOri

Beyond compression, a far richer set of stable configurations can be
accessed through twisting, enabling programmable control over both
the static and dynamic mechanical properties of RodOri. Here, we ex-
plore the multiple configurations, multistability, and the associated
elastic energy landscapes of a six-rod RodOri unit. As shown in Fig. 3A,
twisting the top base by an angle ¢ while allowing vertical displace-
ment leads to discrete, stable configurations. For rods with h/t = 4,
L =200 mm, and Lk,/2n = 1.27, the structure can be twisted up to 240°
(upper limit of twist), resulting in six distinct stable states: deployed (all
rods are straightened, no twist), purely compressed (0°), and inter-
mediate stable configurations at 60°, 120°, 180°, and 240° (Fig. 3B).
The stable states occur in discrete 60° increments due to the equal spac-
ing and contact of the six rods within the RodOri unit and are inde-
pendent of the shape of the base frame (see fig. S5, which shows a
RodOri unit with circular base frames that exhibits stable folded
states occurring at 60° increments). By increasing the rod length to L =
300 mm, the dimensionless natural curvature increases to Lk,,/2rt = 1.91,
allowing for further twisting to ¢ = 540° (Fig. 3C), where 11 discrete
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configurations emerge at 60° intervals (Fig. 3D). Among these,
eight are stable standalone states (deployed, 0°, 60°, 180°, 240°, 300°,
360°, and 540°) (movie S3). Because each RodOri unit has # reliably
addressable configurations, it can in principle be viewed as an n-ary
(in contrast to binary) logic element whose broad state space could
enable adaptive signal routing and mechanical memory in reconfigu-
rable metamaterials.

In addition, each configuration of these stable states is associated
with a distinct level of stored elastic energy, which varies substan-
tially with rod natural curvature (see Fig. 3E for configuration and
strain energy from FEA). As shown in Fig. 3E, the energy landscape
(represented by discrete points) can be precisely programmed by
tailoring Lk,/2m and reconfiguring the unit into different states. This
energy landscape, combined with the morphology-induced interac-
tions among the rods, governs the unit's mechanical response to ex-
ternal loads, enabling fine control over both stiffness and dynamic
behavior. Notably, units with different natural curvatures adopt dis-
tinct folded morphologies at the same twist angle (e.g., configura-
tion at @ = 120° in Fig. 3, B and D), leading to markedly different
strain energy landscapes. This natural curvature-induced control over
both structural morphology and energy provides a powerful means
for property tuning.

When units with the same rod natural curvatures are stacked or
tessellated, e.g., those with Lk,/2m = 1.91, all 11 discrete configura-
tions can serve as programmable building blocks, where each unit can
be independently programmed. This yields a combinatorial design
space with up to 11" possible global configurations and energy distri-
butions for an array of m units. Even a small tessellation of seven units
(e.g., Fig. 1D and figs. S6 to S8) enables nearly 20 million unique com-
binations of structural states and energy distributions. To expand the
design space further, units with different natural curvatures can be
tessellated with one another to achieve heterogeneous assemblies ca-
pable of fine-tuning the structure’s spatially varying mechanical prop-
erties and responses (fig. S8).

Static stiffness tuning of RodOri

Building on the programmable multistability and energy landscapes of
RodOri, we now demonstrate how geometric reconfiguration enables
broad and tunable control of axial stiffness. As the rods transition be-
tween discrete 3D configurations, their stored strain energy and me-
chanical response change, making shape morphing a direct mechanism
for tailoring structural stiffness. Here, we measure the axial stiffness of
the six-rod RodOri unit (L = 200 mm, Lx,/21t = 1.27, h/t = 4) across
its five stable folded configurations (0°, 60°, 120°, 180°, and 240°)
through clamped tensile testing, with axial end extension character-
ized by normalized displacement (A/L) from the folded equilibrium
state. The stiffness, derived from the initial slope (k) of the force-end
extension (A/L) curves (Fig. 4A), varies more than 3X across configu-
rations, from ~2.8 N/m for 120° to ~9.4 N/m for 60° (see summary in
table S1). Some configurations, such as 60° and 240°, exhibit pronounced
stiffening, while the other three states maintain relatively constant stiff-
ness over the same range of extension. This highlights the tunability
of stiffness in response to both configuration and applied extension.
Experimental results/images from these tensile tests are provided in
movie $4 and fig. S9.

This concept naturally extends to stacked assemblies, where com-
bining individually programmable units offers even greater mechani-
cal tunability. We test four combinations of three-unit stacks with
independently programmed twist angles [from bottom (¢,) to top

40f10

9202 ‘10 AeN uo A1 SRBAIUN plojuels e Bio'soue IDSMMM//ZSdHl.] wiouj papeojumoqg



SCIENCE ADVANCES | RESEARCH ARTICLE

A Twist and compression (L = 200 mm, Lk./2n = 1.27) C Twist and compression (L = 300 mm, Lk./2n = 1.91)
Stable Stable

E Configurations from FEA Strain energy trend
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Fig. 3. Multiple configurations and multistability of RodOri. (A) Reconfiguration of six-rod RodOri (L = 200 mm, Lkn/2n = 1.27, h/t = 4) to 240° stable state. (B) Top and
front views of the reconfiguration of six-rod RodOri (L = 200 mm, Lkn/2n = 1.27, h/t = 4) between five different stable states. Each state can be switched between by twist-
ing the top base by 60°, ranging between 0° and 240° states. (C) Reconfiguration of six-rod RodOri (L = 300 mm, Lkn/2%t = 1.91, h/t = 4) to 540° stable state. (D) Top view of
the reconfiguration of six-rod RodOri (L = 300 mm, Lkn/2% = 1.91, h/t = 4) between 10 different configurations, ranging from 0° to 540° in 60° increments. (E) FEA results
of structural configurations and the stored strain energy for the six-rod RodOri (fixed L = 200 mm, h/t = 4) with different Lk,/2x of 0.75, 1.27, and 2.50. To the right, the
discrete strain energy landscape at different angles of twist is shown for the different Lk,/2x. Scale bars, 2.5 cm.
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Fig. 4. Static stiffness tuning of RodOri. (A) Schematic of a six-rod RodOri unit in tension. Tensile force versus end extension (A/L) for the folded RodOri unit (L = 200 mm,
Lxn/2n=1.27, h/t =4) at 0°,60° 120°, 180° and 240°. (B) Tensile force versus end extension for an assembly of three stacked six-rod RodOri units (L = 200 mm, Lkn/2n = 1.27,
h/t =4).The initial configuration of the three units is varied, as indicated by the different curves. (C) Images from the experimental tensile test at end extensions of 0, 0.5, 1, and
1.5 for assemblies with unit configurations of (a) 60°-120°-60° (all CW), (b) 120°-240°-120° (all CW), (c) 120°(CCW)-0°-120°(CW), and (d) 120°(CW)-0°-120°(CW). The colored
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dots next to the three-unit stack indicate the folded state of each unit before and at the end of stretching. Scale bars, 2.5 cm.
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(3)], twisted either clockwise (CW) or counterclockwise (CCW): (a)
60°-120°-60° (all CW), (b) 120°-240°-120° (all CW), (c) 120°(CCW)-
0°-120°(CW), and (d) 120°(CW)-0°-120°(CW) (movie S4). Note that
the rods within the three-unit stack can freely rotate due to clamping
at only the top and bottom ends (see fig. S10 and movie S$4 for free
rotation tensile testing of RodOri unit configurations). The mechani-
cal responses vary substantially across these configurations due to
differences in sequencing, twist direction (CW versus CCW), and
whether snapping occurs during loading. These differences dem-
onstrate how unit arrangement and handedness offer additional de-
sign strategies for programmable mechanical behavior. Experimental
results reveal multistage stiffness profiles with two or three distinct
regimes, marked by kj, k,, and k3, across increasing extension ranges
(Fig. 4, B and C; k is summarized in table S2). For instance, k; of cases
(a), (b), and (d) is considerably higher than in case (c), while k3 in (a)
and k; in (c) show strong stiffening at large extensions. In summary,
RodOri introduces programmable tuning of both equilibrium stiff-
ness and nonlinear mechanical behavior, enabling architected struc-
tures with reconfigurability and adaptive static properties. These same
mechanisms, as shown next, provide a powerful foundation for dy-
namic functionalities.

Programmable dynamic properties of RodOri metamaterials
The multiple configurations and multistability of RodOri enable active
metamaterials with tunable and reprogrammable dynamic mechani-
cal properties. Here, we demonstrate how tessellated assemblies of
RodOri enable tunable vibration behavior and wave control through
geometric reconfiguration. We investigate a tessellated structure
composed of seven six-rod RodOri units (L = 200 mm, Li,/2n = 1.27,
h/t = 4) arranged into a planar metamaterial (Fig. 5A). Each unit in
the system can be selectively and reversibly transformed from a fully
deployed configuration into any of the five folded configurations dem-
onstrated in Fig. 3B. These global configurations can be homoge-
neous, e.g., all units deployed [Fig. 5A (a)] or all units twisted to 180°
[Fig. 5A (b)] (see fig. S6 for all homogeneous configurations), or hetero-
geneous, such as a combination of 120° and 180° units [Fig. 5A (c)]
(see fig. S7 for additional heterogeneous configurations).

To explore dynamic tunability, we examine vibration transmission
through the metamaterial in both deployed and folded configurations.
A sinusoidal input vibration with amplitude Uy, is applied at the left
base frame of the central unit, and the transmitted amplitude U,y is
measured at the right base frame, both experimentally and numerically
(see the Supplementary Materials and figs. S11 and S12 for experimen-
tal and simulation details). The vibration transmission, defined as
20 log(Usut/ Uin), for the homogeneous metamaterial is plotted as a
function of frequency fin Fig. 5B. In the homogeneous deployed state,
the system behaves as a nearly rigid body with perfect transmission
across the frequency range of interest (0 to 15 Hz), i.e., Ugy/Uin = 1
[Fig. 5C(a)]. In contrast, folding and selectively programming the fold-
ed configuration introduces distributed compliance, markedly al-
tering the dynamic response. In the homogeneous 180° folded state
[Fig. 5C(b)], the system exhibits strong frequency-dependent behavior:
Low-frequency vibrations near a resonance (f= 2.5 Hz) are significant-
ly amplified (Uoy/Uin = 7.8), while higher frequencies are strongly at-
tenuated (Upy/Uin = 0.1 at f = 15 Hz) (movie S5). The resonance
frequency can be readily shifted by varying both the global configura-
tion of the system and the natural curvature of the constituent rods,
owing to their notable influence on the systems effective stiffness. More-
over, in the heterogeneous folded state [Fig. 5C(c)], asymmetry in the
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global configuration leads to symmetry breaking in vibration modes,
converting a symmetric mode into an asymmetric one, demonstrating
programmed mode conversion (movie S6). These results confirm that
RodOri metamaterials enable a wide range of dynamic functionalities,
including amplification, isolation, and mode shaping.

Beyond vibration tuning, we numerically demonstrate dynam-
ic wave switching in a larger metamaterial system of 23 tessellated
six-rod RodOri units (L = 200 mm, Lk,/2% = 1.27, h/t = 4), all twisted
to 180° (Fig. 5D). The bottom base frame is fixed, while the top base
frame is free. A localized excitation is applied at the central unit of the
top base frame at f = 50 Hz (see the Supplementary Materials and
fig. S13 for details on simulations). In the deployed state [Fig. 5D(a)],
the wave remains localized near the excitation source, suppressing
propagation. In contrast, in the folded state [Fig. 5D(b)], the wave
propagates broadly across the system, illustrating a clear on-off switch-
ing capability (movie S7). This functionality enables programmable
routing of mechanical signal transmission.

As discussed earlier, RodOri with #n reconfigurable states tessel-
lated into a metamaterial of m units can produce n" global con-
figurations and stiffness/elastic energy distributions. Incorporating
units made from rods with differing natural curvatures or constitu-
ent materials adds another layer of design freedom (fig. S8), further
expanding the accessible dynamic response space. This approach
enables both coarse and fine control over dynamic mechanical
properties, including the operation frequency of the tunable vibra-
tion control or wave propagation switch, making it highly suited for
adapting to changing environments or functional requirements. In
summary, RodOri metamaterials provide a reconfigurable, multi-
stable metamaterial platform for dynamic mechanical control. Through
selective and programmable folding, these architected systems achieve
tunable vibration filtering, mode conversion, and wave propagation
switching, paving the way for multifunctional devices in adaptive vibra-
tion isolation, mechanical computing, and wave-based logic systems.

DISCUSSION

In summary, we have introduced elastic RodOri—a robust reconfigu-
rable mechanical platform constructed from prestressed, naturally
curved rods whose stored elastic energy and mechanical instability
enable transitions between an unprecedented number of discrete con-
figurations. Upon compression or twisting, RodOri can reversibly tran-
sition between its numerous different states. By precisely tailoring rod
natural curvature, we design the systems energy landscape and, in
turn, achieve wide tunability of static stiffness within a single RodOri
unit at discrete configurations due to the different rod morphologies
and interactions among rods. Larger assemblies, formed by stacking
or tessellating these units, unlock unprecedented control over global
architecture through selective reconfiguration of individual units. This
reconfigurability directly translates into programmable control of both
equilibrium stiffness and nonlinear mechanical response, influencing
the structure’s dynamic behavior and enabling adaptive metamateri-
als capable of tunable vibration filtering, mode conversion, and wave
propagation switching.

The design strategy presented here is readily adaptable to a broad
range of materials and geometries, offering a versatile route to mechan-
ical systems with programmable properties. The vast design space—
spanning rod curvature and length, cross-sectional geometry, material
modulus, and spatial arrangement—remains largely unexplored
and promises fine control over both static and dynamic behavior.
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Fig. 5. Programmable dynamic properties of RodOri metamaterials. (A) Tessellation of seven six-rod RodOri units (L = 200 mm, Lkn/2n = 1.27, h/t = 4). (a) Homoge-
neous deployed state; (b) homogeneous folded state with all units twisted to 180°; (c) heterogeneous folded state with three units twisted to 120° and four to 180°.
(B) Vibration transmission in the homogeneous deployed state (red) and homogeneous 180° folded state (black), measured as 20 log(Uout/Uin) as a function of frequency
f, where Uj, and U,y denote the input and output displacement amplitudes at the left and right base frames, respectively. Square markers: experiments; solid lines: nu-
merical simulations. (C) Tunable vibration control via reconfiguration. (a) Rigid-body transmission in the homogeneous deployed state at 2.5 Hz; (b) vibration amplification
at 2.5 Hz and isolation at 15 Hz in the homogeneous 180° folded state; (c) mode conversion in the heterogeneous folded state at 2.5 Hz. (D) On-off mechanical wave
propagation switch. The system consists of 23 six-rod RodOri units (L = 200 mm, Lk,/2n = 1.27, h/t = 4) with a fixed bottom base frame and a free top base frame. Color-
maps represent the simulated out-of-plane displacements normalized by the excitation amplitude at 50 Hz in the homogeneous (a) deployed and (b) 180° folded states.

Embracing heterogeneous designs, exploiting inverse design approach-
es, and integrating active or stimuli-responsive materials could further
extend functionality, enabling on-demand adaptation to rapidly chang-
ing environments. We envision RodOri as a broadly applicable frame-
work for engineering multifunctional architected structures, where
harnessing mechanical instabilities becomes a deliberate and powerful
tool for addressing complex engineering challenges.

MATERIALS AND METHODS

RodOri fabrication

For the RodOri systems, the rods and rigid bases were 3D printed
separately from one another and then assembled together. When the

Leanzaetal, Sci. Adv. 12, eaed1774 (2026) 6 May 2026

dimensionless natural curvature (Lk,/2x) of the rod exceeded 1, the
rod was modeled as a spiral with a small spacing of ~1 mm between
adjacent coils. All rods were designed with an h/t of 4 or height and
thickness of 2.2 and 0.55 mm, respectively. All parts were printed
with polylactic acid (PLA Basic, Bambu Lab) using an X1 Carbon
(Bambu Lab) 3D printer. Detailed information on the dimensions of
the RodOri units is provided in the Supplementary Materials. The
assembly process of RodOri can be found in movie S1.

Structural simulation

The commercial software ABAQUS 2024 (Dassault Systémes, France)
was used to simulate the deformation of the RodOri systems. The rods
with nonzero natural curvature were modeled as straight, thermally
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stressed bilayers. The RodOri was subsequently loaded to trigger
buckling, and penetration between rods was allowed. C3D8R ele-
ments were used for all models. Detailed information on all FEA
simulations is provided in the Supplementary Materials.

Mechanical testing

All mechanical testing of the rods and RodOri was performed via
displacement-controlled tests using a universal testing machine
(3344, Instron, Inc., USA). For the compression testing of the rods
(Fig. 2C), the rods with natural curvature were straightened and
then clamped into the testing machine at either end and compressed
then unloaded at a rate of 0.01 L's™', where L is the length of the rod.
For the tensile testing of the RodOri units (Fig. 4 and fig. S9), the
RodOri in its stable configuration (distance between rigid bases of
2.0, 1.7, 2.0, 2.5, and 5.5 cm for the 0°, 60°, 120°, 180°, and 240°
folded states, respectively) was clamped into the testing machine at
either end and stretched at a rate of 0.01 Ls™".

Vibration transmission experiment

To experimentally characterize the dynamic response of the tessellated
RodOri, the system was hung on a test bench using rubber bands,
with the central unit of the input frame connected to a modal shaker
(Model JZK-2, Sinocera Piezotronics, China), as shown in fig. S11.
Accelerometers (Model 352A21, PCB Piezotronics, USA) were in-
stalled on the central units of the input and output frames to measure
vibrational displacements (see the Supplementary Materials for addi-
tional details).

Vibration transmission simulation

To numerically evaluate the dynamic response of the tessellated
RodOri, FEA simulations were performed using the Solid Mechanics
module in COMSOL Multiphysics 6.1. The 3D printed elastic rods
were modeled as a linear elastic solid, with a Young’s modulus of
2.6 GPa, mass density of 1240 kg m ™, and Poisson’s ratio of 0.33.
Structural damping was incorporated via a loss factor of 0.05. Har-
monic excitation was applied through a prescribed displacement at
the central unit of the input frame, while all other boundaries were set
to traction-free, as shown in fig. S12 (see the Supplementary Materials
for additional details).

Wave propagation simulation

To investigate the wave propagation behavior of the tessellated RodOri,
FEA simulations were performed using the Solid Mechanics module in
COMSOL Multiphysics 6.1. The bottom frame was fully constrained us-
ing fixed boundary conditions, while the top frame was traction-free to
allow out-of-plane motion. The harmonic excitation was introduced by
a prescribed displacement at the central unit of the top frame, as shown
in fig. S13 (see the Supplementary Materials for additional details).

Supplementary Materials
The PDF file includes:
Supplementary Text

Figs.S1to S14

Tables S1.and S2

Legends for movies S1to S7
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