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Mechanical metamaterials with high recoverable elastic energy density, which we
refer to as high-enthalpy elastic metamaterials, can offer many enhanced properties,
including efficient mechanical energy storage'?, load-bearing capability, impact
resistance and motion agility. These qualities make them ideal for lightweight,
miniaturized and multi-functional structures®®. However, achieving high enthalpy

is challenging, as it requires combining conflicting properties: high stiffness,

high strength and large recoverable strain® . Here, to address this challenge, we
construct high-enthalpy elastic metamaterials from freely rotatable chiral metacells.
Compared with existing non-chiral lattices, the non-optimized chiral metamaterials
simultaneously maintain high stiffness, sustain larger recoverable strain, offer awider
buckling plateau, improve the buckling strength by 5-10 times, enhance enthalpy by
2-160 times and increase energy per mass by 2-32 times. These improvements arise
fromtorsional buckling deformation that is triggered by chirality and is absent in
conventional metamaterials. This deformation mode stores considerable additional
energy while having aminimalimpact on peak stresses that define material failure. Our

findings identify amechanism and provide insight into the design of metamaterials
and structures with high mechanical energy storage capacity, afundamental and
general problem of broad engineering interest.

Materials with high recoverable elastic energy density (that s, enthalpy
¢) arein demand for many applications, but this requires a combina-
tion of high modulus (E;), high strength and large recoverable strain
(&imi)'>*. Carbon nanotubes reach extremes at the nanoscale'*"”, yet
achieving high enthalpy at the macroscale remains challenging'®".
Metamaterials®? can offer extraordinary stiffness, shape control?>*
and wave manipulation** by tailoring their topologies and defor-
mation modes'®?, including elastic buckling??%. A higher-yet-wider
buckling plateau on load-deformation curves is desirable for greater
energy storage (Fig. 1h). However, in existing designs (Fig. 1c-e),
achieving large recoverable strain is accompanied by a reduction of
plateaustress, even for tensegrity lattices?. This limitation arises from
bending-dominated buckling modes, whichlimits macroscopicstresses
while generating large local strains that drive failure. Here we propose
an approach to circumvent this limitation and improve recoverable
enthalpy: chiral structures that incorporate twisting, compression
and bending.

Buckling of chiral and non-chiral rods

Elasticenergyin conventional rod-based lattices (Fig.1c-e) isstored in
rods that generally exhibit the first buckling mode when compressed
(Fig.1band Methods). We use analytical modelling and nonlinear finite
element analyses (FEAs) to explainthe scaling of energy storage during

buckling, which are then extended to include torsion*® (Methods and
Supplementary Notes).

To begin, consider a doubly clamped rod of radius r, length L, and
Young’s modulus £ subjected to a vertical compression force (F;,.4) OF
axial displacement (4): the rod respondsinitially in pure compression
followed by bending buckling (Supplementary Video 1). This individu-
ally induces maximal von Mises stress 0, = 0, and 0, = 0, + Openg ON
the outer surface, with o, from compression and 0,,,4 from bending.
Failure is assumed to be controlled by g,. The analytical model shows
that abuckled rod stores strain energy
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Fioaand Uyoqare normalized by F, = E;ir? /412 and U, = trL,E/1,000,
respectively.

Straight rods undergo sudden buckling, whereas small imperfec-
tions smoothen the buckling process® with aslightly reduced plateau
load, max(F,,.4) (Fig.2aand Extended DataFig. 2a,b). Unless otherwise
stated, we use rods with moderate slenderness ratio of 2r/L,= 0.1and
r=1.5mm for comparison. Properties of thick rods are provided in
Extended DataFigs.3 and 6.

Lattices consisting of angled rods (Fig. 1c-e) show improved stiffness
and max(F,.4) with increased oblique angle (0) (Fig. 2a). However,
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Fig.1|Deformation of chiral and non-chiral metamaterials. a, A1/2-order
lateral bending buckling of clamped-sliding rods under compression force
Fi.04, Observedin chiralmetamaterialsin f. b, A first-order buckling mode of
doubly clamped vertical and oblique rods in non-chiral lattices. The colour
barsina, bandfshow the distribution of Mises stress o,.c-e, Octahedron (c),
prism (d) and tensegrity (e) lattices. f, Compression-twist buckling of chiral

in buckled rods, 0., < Opena, resulting in nearly constant energy
Uyroq = Tir’Loo 2/16E, for a given stress o,, regardless of the angle 6
(Fig. 2b). Moreover, U.,q in equation (1) is independent of buckling
order (n). Thus, adjusting the oblique angle or inducing high-order
buckling modes (n >1) can change max(F;,,4) but cannot effectively
improve U, for aspecified material strength (o,). This severely limits
energy storage in strut-based metamaterials.

To overcome this limitation, we must introduce additional defor-
mation modes beyond bending and compression. Chiral meta-
materials® 3, with coupling between axial deformation and twisting,
offer exciting possibilities to store more energy by torsion. The
potential of these structures is defined by their post-buckling
behaviour and its implications on force, stress and energy>*°. We
propose chiral metamaterials with independent and rotatable cylin-
drical metacells (Fig. 1g) that are distinct from previous chiral struc-
tures* *. They exhibit high-energy buckling modes that improve
enthalpy (¢) and plateau strength (a,,) for fixed material strength
(Fig.1h).

Here we consider amirror-symmetric metacell (Fig.1fand Extended
DataFig. 1), in which every half-cell incorporates two coaxial tori (O,,
0,) withradiiR,and R, atadistance h,. Nobliquerods, serving as chiral
arms, are periodically fixed to the tori. At rest, the two toriarerelatively
rotated by an angle a,. When fixing torus O, and vertically compressing
torus O, bys, arelative rotation angle 8 ensues between them (Supple-
mentary Video 2). The global strain € = s/h,is used throughout. Chiral
buckling causes the twisted rod to bulge outwards and forms a helix
under large compression (Fig. 1f). We define this mode as twist buckling.

We established an analytical model (Methods) that fully captures
post-buckling behaviours of chiral rods (Fig. 2c,e and Extended Data
Fig. 4). This modelillustrates that chiral twist buckling involves four
deformation modesineachrod: in-plane bending, out-of-plane bend-
ing, twisting and compression (Extended Data Fig.1). The stored elastic
energy can be written as
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where 2a;,, 2a,,, and 4., are the maximal amplitudes of in-plane,
out-of-plane and compression deformation modes, respectively; vis
Poisson’s ratio; and L, is the length of the twisted rod.

Bothin-plane and out-of-plane bending follow the 1/2-order buckling
mode with clamped-sliding ends (Fig. 1a). Out-of-plane bending cou-
ples with global twisting between the two tori, introducing two more
energy sources related to a,,.and angle 6 that are absent in non-chiral
structures in equation (1). Chiral metamaterials show high stiffness at
small strain € < 0.02, at which the rods and torus are twisted equally
by 6. They buckle smoothly with increasing load instead of abruptly
as with purely bending buckling. Increasing a, gives a smoother
force-deformation curve (Fig. 2c). For unequal torus radii (R, #R,),
both plateauload max(F,,q) and energy (U,,,q) are lower than the case
of equal radii (Extended Data Fig. 3a-c). We consider R=R, =R, inthe
following. For specified ¢, reducing a, or R enhances max(Fi,,4) and
U,roq» With R having greater effects (Fig. 2f and Extended Data Fig. 5).
Performance evaluation is based on the limitation of maximal von Mises
stress (0,) in chiral rods, which occurs in the twisted ribbon region on
the rod surface (Fig. If).

In prismatic or octahedron lattices, rods with angles 0 > 45° may
not buckle within g, < 0.1E (Fig. 2a). Here, the same chiral rod with
R =6 mmand a, = 5°gives max(F,/F;) = 0.8 (Fig. 2c), surpassing that
of anon-chiral rod with 6 = 40° by 30%. The global limit strain &, for
o, =0.1E;also increases from 0.076 to 0.1, providing a broader safe
plateau for storing more energy.

The stress—energy plot of the moderate slenderness rod (Fig. 2e)
shows the superior energy storage of chiral buckling compared with
bending buckling for specific strength g,. Different chiral models show
convergent stress—energy curves, indicating robust performance.
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Fig.2|Buckling of chiral and non-chiral rods. a,b, Angled non-chiral rods.
c-f, Chiralrods. a, Normalized force (F,,4/F;) versus macroscopic strain
(e=5/L,sin 0) of angled rods with oblique angle 8. Micro-bending imperfection
isincluded here.b, Normalized energy (U,,,o/U;) under different maximal

von Mises stresses (0,) versus 8 of perfectly straight rods. ¢, Theoretical

Asnon-chiral rods store energy by pure compression before buckling,
they canstore slightly more energy than chiral rods near the buckling
pointifimperfections can be avoided (Extended Data Fig. 2b). However,
beyond that point, chiral rods store more energy. Larger deformation
or allowable stress further enhances this advantage. For g, = 0.2E,, a
chiralrod stores twice the energy of a non-chiral rod.

Thisadvantageis greaterinthinner rods because of their low buckling
thresholds (Extended Data Fig. 3d). Metamaterials consisting of thick
rods may favour non-chiral designs if suitable constraints ensure the
idealfirst buckling. Otherwise, their rods generally follow the 1/2-order
lateral buckling mode, which has only 1/16 of the critical energy com-
pared with the first mode (Methods). In this case, chiral rods still store
about two to four times higher energy (Extended Data Fig. 6).

Mechanism analysis

We can map the twist buckling of freely rotatable chiral metacell into
the micropolar elasticity framework**~** (Supplementary Fig. 8). It sug-
gests that chirality, defined as the coupling of compression and global
torsion, dominates the properties under large compression (Supple-
mentary Note 4). Thisis confirmed by the energy proportions (1) of the
four deformation modes predicted by the chiral twist buckling theory
(Fig.2d). Axial compression dominates for £ < 0.02, but as deformation
increases, contributions fromin-plane bending and in-rod twisting rise.
Ate>0.05,thein-rod twisting accounts for 40% energy, as confirmed by
phasedloading FEAin Extended DataFig. 7. In-rod twisting together with
out-of-plane bending—the two modes absent in non-chiral lattices—can
contribute 55% energy. Therefore, the enhanced performance of chiral
rodsis attributed to invoking torsion.

force-strain curves of typical chiral models. Filled circles are points for g, = 0.1E,.
Noneofthecurvesreacho,=0.2E,ate=0.2.d, Proportions of energy from
different deformation modes. e, Energy-stress plot of straight rods with
2r/Ly=0.1(U,,4/U, versus a,/E,). Discrete points are FEA results forR=7 mm.

f, Influence of initial angle (a,) and radius (R) on U,,,o/U,at e = 0.2.

Furthermore, chiral rods have a favourable stress distribution.
Although bending causes maximal stresses at the rod endsin confined
sections (Fig. 1a), the in-plane and out-of-plane bending modes are
orthogonal and do not compound stress. The maximal normal stress
isgiven by 0, = 0, + 0., Within-plane being the dominant contribu-
tor. Torsion induces nearly uniform shear stress (7) perpendicular to
O.orm across the entire rod surface. Thus, the maximal von Mises stress

becomes
_ 2 2
0,=/(Oin* Ocp) ™ + 377,

As T < 0;,, invoking torsion adds stored energy while only marginally
raising g, (Fig. 2e and Methods). Reducing &, or R increases F,4, Uiroq
and the contribution from twisting (Extended Data Fig. 5).

(3)

Performance comparison

Beyond a single rod, the entire chiral metamaterial shows greater
improvement for specified volume (Methods). We compare the per-
formance of chiral metamaterials to extensive non-chiral models
using FEA and analytical methods (Fig. 3a,f). They consist of identical
rods unless otherwise specified. In theory, half a chiral metacell can
tightly pack mR/rrods around its torus. Here the internal core remains
vacant and we only take half the number, N =1iR/2r, ensuring ample
space to avoid contact between arms. By contrast, parallel rods in
the prism lattice are densely arranged with a distance of 4r. All meta-
materials are characterized by macroscopic properties: load-bearing
strength gy, (Fig. 1h), limit deformability ;.. at rod strength, modulus
E, energy density (enthalpy) ¢ and mass density p. They are normalized
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Fig.3|Metamaterial performances. ¢, denotes the global strain at material
strength (o,). Performances of octahedron and prism lattices are controlled
by the oblique angle () of the rod, whose ¢;;,,;.increases as 6 decreases.

For chiral metamaterials, h, =30 mmand radius (R) is variable. a-e, Rod-
based metamaterials. a, Legend and deformation modes for metamaterial
configurationsinb-e.b, Ashby map of E/E, versus p/p,. ¢, Bearing strength

by the modulus (E;), enthalpy (¢ = E/1,000) or density (p,) of rods
(Methods).

Bend-dominated tetradecahedron (Kelvin) trusses possess low
stiffness and enthalpy, which can be improved by tensegrity design®.
However, despite withstanding higher ¢;.,;, the tensegrity trusses—even
with doubled rod thickness—exhibit 50x lower modulus and 5x lower
enthalpy than the octahedron lattice of equal density (Fig. 3b,d and
Extended Data Fig. 8). In octahedron and prism lattices, all oblique
rods are ideally assumed to follow the first buckling mode (Fig. 3a);
reducing the oblique angle (6) of the rod increases the recoverable
strain g, (Fig. 2a) but affects the density (p/p,) non-monotonously.
Their stiffness and density follow the proportional law E/E, - (p/p;)*
(where ~ means ‘distributed as’) for 8 > 60° (Fig. 3b), in which the
response is stretch-dominated'®*. Plotting o,,/E, and ¢/¢, against
&imie Shows that these non-chiral lattices follow the undesirable trade-off
laws between bearing strength g, (or enthalpy ¢) and ¢;;,;, (Fig. 3c-e).
Although prism lattices outperform octahedron lattices in o, and ¢
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0, =max(o,,) on the buckling plateau versus ;. for o, = 0.2E,.d, Enthalpy (¢/¢)
Versus &y, for o, = 0.1E,. e, ¢/@ ~ & for o, = 0.2E,. f-h, Plate-and beam-based
metamaterials, in which the plate and square beam have the thickness t=1and
length L,=30 mm.Max(o,) occurs at the corner edge of the twisted beam.
f,Legend and deformation modes for configurationsingand h.g,h, o, (g) and
@/, (h) versus ;. for o, = 0.09E. Insetin g:an E~p map.

owingto larger p/p, their g, and ¢ are low and nearly constant beyond a
small &

Analytical studies show that reducing a, or Rincreases chiral meta-
material £, 0, and ¢ (Extended Data Fig. 5). We verified this through
simulations with R ranging from 5 mm to 10 mm (N = 5-10) for a speci-
fied height 1, =30 mm. A moderate dimension around R = 8 mm offers
the largest &;.;. The stiffness (E/E,) is comparable with high-density
non-chiral lattices (Fig. 3b). Notably, chiral metamaterial maintains
5-10 times higher o, and 5-20 times higher enthalpy than the prism
and octahedron lattices. The chiral metamaterial surpasses the tenseg-
rity trusses with more than 100x enthalpy. Greater improvement is
observed at higher material strengths (o, = 0.2E,), but even metals
with limited strength showimproved performance inthe experiments
below.

Ifwe made chiral metacells non-rotatable under compression to show
the first bending in rods (Fig. 3a-e), the properties would be similar
tootherstretch-dominated lattices composed of nearly vertical rods:
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Fig.4|Experimental results. a-d, Three-dimensional printed samples.

a, Chiral twist buckling of a3 x 3 metamaterial under compression. b, Pictures
of typical titanium-alloy samples. Top: chiral metamaterial. Bottom: the
prismlattice. ¢, Force-strain curves and deformation of typical rubber chiral
metacells. In the chiral-50° sample, the neighbouring rods contact for £ > 0.3.
d, Octahedron, tensegrity tetradecahedron and prism lattices composed of
rods or plates. e,f, Equivalent stress-strain curves of rubber samples (e) and
rod-based titanium-alloy samples (f), with shaded areas representing the

achieving high E, 0, and ¢ but at the cost of small &;;,,. Disregarding
&imiv Chiral buckling entails about two to three times greater enthalpy
than non-chiral mode. This directly reflects the additional contribu-
tions fromin-rod twisting and out-of-plane bending.

Straight rectangle-sectioned beam fails to support large chiral buck-
ling, as they preferentially bend along the thinnest axis (Supplemen-
tary Video 3). Although chiral units based on X-sectioned beams can
display large twist buckling, they underperformthe units comprising
same-size round rods (Fig. 3 and Supplementary Video 2). We further
compare chiral models comprising N square beams to the prism lat-
tices comprising plates with the same thickness ¢ (Fig. 3f-h). Here,
t=1,R=4-9 mmand N =2mR/1.2¢t. The prism lattice follows identical
trade-offlawsin Fig.3b-e. Despite having lower £/E,under equal density
(p/ps), chiral configurations provide 2.8 times higher o,, and ¢ at large
strains.

All these findings indicate that chiral metamaterials outperform
non-chiral lattices in maintaining high stiffness and offering superior
load-bearing capacity and enthalpy at large limit strain.
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i i
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ﬁ?‘ .

0.15 0.20 0.25 0 0.01 0.02 0.04

Equivalent strain ¢

Chiral, rod

<

&

range for calculating enthalpy ¢ and energy ratio £, = energy/mass. Inf, the
shaded areas are distinguished into the initial and repeatable loading
processes; and ‘non-chiral’ denotes the non-rotatable chiral unit that exhibits
bending, reachingequal in-rod stress o, with the chiral model. g-j, ¢ (g,h) and
E,, (i,j) of rod-, plate- and beam-based metamaterials made of rubber (g,i) or
titanium (h,j). For titanium samples, the results from theinitial loading process
areused. Here, octaand tensrepresentoctahedron and tensegrity lattices,
respectively; therodradiusisr=1.5 mmfortensland r=3 mm for tens2.

Experiments

For experimental demonstration, we fabricated various rod-,beam-and
plate-based specimens using three-dimensional printing, using rubber
and TC4 titanium alloy. Layered chiral metamaterials were assembled
from separated units (Fig.4a,b). These chiral, prism, octahedron, Kelvin
and tensegrity specimens were designed following the guidance in
Fig. 3e,h, ensuring their primitives exhibit approximate von Mises
stress (o,) at specified global strain levels (Methods). Their compres-
sion buckling behaviours were tested (Extended Data Figs. 9 and 10
and Supplementary Videos 4-7). The chiral twist buckling behaviours
closely align with analytical predictions (Fig. 4a,c). The performance
indicators of all specimens are summarized in Extended Data Table 1,
withthe mainresults presented in Fig. 4g-j, showing theimprovements
from non-chiral to chiral metamaterials consisting of primitives with
the same dimensions (plate thickness = rod diameter = 2r =3 mm).
Rubber samples can sustain repeatable deformation until the rods
make contact. For rod-based architectures, the chiral metamaterial
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obtains 7.5x higher buckling strength g,,, over the high-stiffness prism
lattice (Fig. 4e), and achieves 11x, 20%, 167x and 10°x higher enthalpy
compared with prism, octahedron, tensegrity and Kelvin lattices,
respectively (Fig. 4g). It even exceeds the tensegrity lattice with dou-
bled rod thickness (2r = 6 mm) by 8.7x, and exceeds the plate-based
prism lattice with 1.8x density (p) by two times. These improvements
align with the simulations in Fig. 3.

For TC4 samples (Fig. 4b,f), theinitial loading follows the theoretical
buckling process. On unloading, a plastic strain and augmented angle
o, persist. Subsequent cycles remain repeatable within the macro-
scopic strain amplitude, preserving relative performance. Despite
the limited deformability, the metal chiral architecture enhances g,
by 5.7x over prism lattice and even obtains 1.8-2x higher enthalpy
than the plate-based prism, which is 3.5x denser (Fig. 4h). For chiral
metamaterials, the non-rotatable mode shows higher stiffness but
lower limit strain (Fig. 4f), whereas twist buckling stores twice as much
energy.

Withafocus onmassinstead of volume, we evaluate £, = energy/m,q,
where m,.qis the total mass of buckling rods. The plate- and rod-based
prism lattices have approximately the same £, (Fig. 4i,j), indicating
comparable energy ratios for same-size primitives. At e = 0.25, the rub-
ber chiral metamaterial obtains 2.8x, 6.3x and 6.2-32x higher E,, than
the prism, octahedron and tensegrity lattices, respectively (Fig. 4i).
The titanium chiral metamaterial surpasses all non-chiral lattices in
E., by about 2x (Fig. 4j), validating the improvements from rod twist-
ing (Fig. 2e).

Performance decreases from the ideal case when a lattice exhib-
its global lateral buckling (as in the prism lattices in Supplementary
Video 5) or nonuniform buckling (as in the octahedron lattice in
Supplementary Video 6). Although our chiral metamaterials are assem-
bled with decoupled units, they reliably exhibit the desired torsional
buckling without external constraints (Fig. 4a and Supplementary
Video 4).

Conclusions

Here we propose a strategy to create metamaterials with high enthalpy
by invoking torsion, alongside bending and compression, within chi-
ral metacells, forming the unique chiral twist buckling. Compared
with various existing non-chiral lattices, the non-optimized chiral
metamaterials maintain high stiffness and achieve larger recover-
able deformation, 5-10x buckling strength, 2-160x enthalpy and
2-32x energy per mass within the limit of material strength. The
performance can be further enhanced by using a denser arrange-
ment of chiral arms. High-enthalpy metamaterials have potential
applications in lightweight and miniaturized design, elastic energy
storage**, impact protection**¢, torsional modulation and actu-
ation. The twist buckling plateau also offers low-dynamic stiffness
under heavy load, opening possibilities for low-frequency vibration
isolators®.
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Methods

Finite element analysis

AllIFEAs were performed using ANSYS, considering large nonlinear geo-
metrical deformations. Typically, one end is fixed while a displacement
boundary conditionis applied to the other end, allowing us to obtain
the von Mises stress, strain energy and reaction force.

Bending buckling mode

We consider the compressive buckling of a doubly clamped rod. Its
bending deflection is assumed to be w(x) = a(1 - cos bx), b =2nm/L,
where Listherodlength, ndenotesthe order of bending buckling and
xis the position along the rod (Supplementary Note 1). The maximal
deflectionis w,,,=2a.Therodinthe chiralmetacellbendsinthen=1/2
mode. Aslender primitive rod in non-chirallattices typically follows the
first-order buckling mode n = 1under suitable constraints, but without
stiff constraints, some global buckling mode may lead ton =1/2for the
oblique rods (Extended Data Fig. 9b).

We note that the assumption for deflection, w(x) = a(1 - cos bx), is
valid for moderate deformation £ < 0.2. Whenarodis deeply buckled, it
exhibits more complex deformation patterns. In FEA, these transforma-
tions in the bending deflection are adaptively accounted for through
geometrical nonlinearity. This transformationis not consideredinthe
analytical theory, which explains the increasing deviation from FEA
resultsinFig.2fore>0.2.

Compression buckling of non-chiral rods

Here we briefly describe the results of our analytical model for the
compression buckling of arod. The complete modelling process and
mathematical details are provided in Supplementary Note 1. Whenan
axial compressiondisplacement (4) is applied to adoubly clamped rod
ofradiusr,length L,and Young’s modulus E,, the axial reaction forceis
Firoa- At first, the stress o, is induced by pure compression. Buckling
occurs atacritical force

F=n’Er/L3,

where n denotes the order of buckling mode. The critical axial stress
for buckling is
Occgirtical — nZT[ZESf3/L% .
When F, 4 < F,, therod undergoes uniform strain € = A/L,and stress
0. = Eg, storing energy
2
|/so'cpr SZVSES

Ulrod:Ucpr: 2E, :T'

where V,=mr’L, denotes rod volume. In this case, von Mises stress is
0,=0,,. Moreover, the critical energy for bucklingis

EVon*n*r®  En*rer®
213

-
4

This equation shows that the critical energy is proportional to n*. If
thebuckling order changes fromn=1to1/2, thecritical energy greatly
reduces to1/16.

When buckling occurs, the stress induced by pure compression
(0,y) remains nearly constant. In the general case with n=1, bending
induces maximal tensile or compressive stresses on the surface near
the clamped ends

4Em*ra

0 ==,
bend 2(L0 —A)2

where 2a denotes the bending deflection. Consequently, maximal von
Mises Stress 0, = Opena + Oy is found there. Inthis case, the strain energy
stored in acompressive buckling rod is

2 2 2 2
r<(Ly,—A)o Tr<Lyo,
Ulrod = Ubend + Ucpr: 016E bend 2F <Pl .

S S

Thisequationindicates that o, gets an eight times higher increment
ratio of energy than o,., When increasing stress. Thus, for a specified
moderate stress, such as g, = 0.1E, athicker rod obtains higher U,,,4/ U
until buckling disappears at this stress level. This equation also indi-
cates that combining bending and compression increases the incre-
ment ratio of U,,.4/U; as strain e = A/h, increases.

We note that when analysing the angled rod and chiral rod, the verti-
cal compression displacement is defined as s. In the above equations,
Adenotes the axial compression displacement. 4 =sfor a vertical rod
with angle 6=90°.

Parameter generalization

Based on the theory above, we adopt F, = £/ /L3 to normalize the com-
pressive force. Moreover, specifying £ = 0.,,/0yena, the energy inside a
buckled rod can be simplified as

VoX1+86%

_27(1+88?)
1rod ™ 1655(1"'6)2 = VsEsf' f— -

16(1+8)*

Here, V,=mr’L, is the rod volume and A = 0,/E, is the normalized
strength. Then, the enthalpy of a single rod is

¢rod =Upod/ Vs = Es f-

Thefactor fcanbe approximated asf=2.5/1,000for{~> 0andA<0.2.
For convenience, it is reasonable to use ¢, = £,/1,000 and U, = V¢, to
normalize the enthalpy and total energy, respectively.

Analytical model of chiral buckling

The process of deriving the analytical model for chiral buckling is
extensive and involves rigorous mathematical calculations. In Sup-
plementary Information section ‘Chiral twist buckling theory’, we sys-
tematically elaborate on the geometry, deformation, force, energy,
and stress induced by in-plane bending, out-of-plane bending, in-rod
twisting, helixand compression modes (Supplementary Notes 2 and 3).
Definitions of all variables are also listed there. Here we summery the
analytical theory (alsoin Supplementary Note 3.8), with key parameters
labelled in Extended Data Fig. 1.

When a vertical compression displacement s is applied to half a
chiral metacell, a variable rotation angle 8 forms between the two
tori. The equivalent strain is € = s/h,. The reaction force and elastic
energy contributed by a single rod are F, 4, U,,04, respectively. Point
Bis fixed on torus O,. Point A, is the original point on torus O,, which
moves to point A under the compression displacement s. Length is
givenas

L= |AB| =[R2+ R} - 2RiR,cos(0+ ag) + (Ao - 5)>.

The in-plane bending deflection is denoted as 2q;, and the out-of-
plane bending deflection is denoted as 2a,,,.. Specifying = ZABA,,
2a;,,=L,sinB,L,=L,cos B.Theterm 2a,, is defined by length |CD|shown
in Extended DataFig. 1b.

Themomentsinduced by in-plane bending and in-rod twisting (Sup-
plementary Note 3) are

M;,= aianEsI' Tewist = 2GI6, /L.



Hereb=1/L,,I=mir*/4isthe second momentoftherod, Gis the shear
modulus, 6, = 6-y. The bulge-out angle y arises from the helical defor-
mation of rod, as shown in Extended Data Fig. 1c.

The components of the two momentsin three-dimensional spaces are

(/Win,x' M

iny’ Min,z) = Minnin'

(Ttwist,x' Ttwist,y' Ttwist,z) = Towist Pewist-

where n;, is the unit normal vector of the in-plane bending and n,; is
the unit normal vector in the twisting deformation. The concentrated
force applied on asingle rod denotes (F,, F,, F,). We use the following
equationsto analyse chiral buckling deformationand calculate energy.
1. Force equilibrium equation (Supplementary Fig. 7)

2M;, = Fi(ho =) = F,(R; — R,cosa) =0,
2M,, ,+ FR,sina+ (R — Rycosa) =0,
M

inz + Towist,z 7 FxRpSina — Fszcosa =0.
Here a =0+ a,. Based on this equation, the compressive load applied
onachiralrodis Fy,q=—F,.

2. Compatibility equation of deformation

Lin=Lo—ndAgy ~ Acpr ’

where 4, =m*a? /4L, denotes the shortening made by out-of-

plane deformation; 4, is the pure compression displacement along
Ex(m,-a?,b?)
therod,and A, <tr®/LyL;,= 24 denotes the length of the

rod under in-plane deformation, and £, (-) is the elliptical equation;
ndenotesacorrection factor explained in Supplementary Note 3.4.
3. Energy equation
2
Esln4ai2n + Esln4a§ut GIPO KC Agpf
a3 L3 2L, 2

Uiroa=

Here K, = E;nr*/L,denotes the longitudinal stiffness of the rod. Based
onthe energy method, the compressive load is

Frod= 61;0 .

4. Equation of stresses
The maximal stressesinduced by in-plane bending, in-rod compres-
sionand twisting are

2
_Emtay,

. — Flrod — Gerr
in Lg

P O™ 2 T

Hereo,,and o, areinthe samedirection, 0, = 0;y + 0, At the same
point, the direction of twisting shear stress ris perpendicular to g,
The stress in the radial direction of the rod is negligible. According
to the theory of equivalent von Mises stress,

_ (2 2
0y=Onorm+37°.

We adopt this equivalent stress to evaluate the strength of the rods
inthe chiral structure.

Stress evaluation

The shear modulusis G = £/2(1 + v), where Poisson’s ratio is v = 0.3.In
the chiralmetacell, both the in-plane and out-of-plane bending deflec-
tion follow the function1- cos(mx/L), with their deflectionamplitudes
denoted as 2a;,and 2a,,,, respectively. In-rod twisting generates shear
stress given by 7= Etr/2.6Ly = Openq(Lo — 5)*/2.6LyTta. A proper chiral
structure sets L, = 4R; under large deformation, s = Rand the in-plane

bending deflection 2a = 2R. Thus, we find that 7= 0.30,..,4. Under the
same compressive displacements, g, inthe chiral rod and the lattice
rod (Fig. 1a) are approximately equal.

Performance evaluation
We use the following quantities to evaluate the performance.

Equivalent straine=s/h,,
Enthalpy @ = Uen/Veenr
Equivalent stress 0o = Foei//Acel
Mass densityp = mcell/ Vcell'

Here, force F, energy U, volume V, mass m, the projected areain
load-bearing direction A and the vertical compression displacement
s, with the subscript ‘cell’ are measured on the unit cell. The equivalent
elastic modulus E denotes the slope of the e-0,, curve atasmall strain
£<0.02. The maximal stress on the buckling plateau, o, = max(c,,),
symbolizes the load-bearing strength of the entire metamaterial. These
variables are normalized for evaluation as E/E,, 0,,/E, ¢/¢, and p/p,,
where p is the mass density of the rod material, ¢, = £/1,000 is defined
inthe section ‘Parameter generalization’.

For a chiral metamaterial, there are N rods around the circle with
radius R. Here we adopt the integral N = Round(1tR/2r) with enough
space left to avoid contact between the deformed arms. Thus,
Ve = 4ho(R+1)%, Ace = 4R+ 1)?, Footy = NF 104, Uzenr = NUsoq, Micen = NMioq,
where m,,qis the mass of arod. Here we adopt the maximal cubic volume
and square area, instead of the smaller cylinder and circular sizes, to
evaluate the performance of chiral metamaterials.

Foroctahedron lattices, we calculate only 1/8 metacell corresponding
toonerod. The parameters are defined as follows: F..; = Firoq) Ueen = Usrodr
Mee = Myog, Voo = (L3,€08%05in0)/2, Aoy = (L3,c0s20)/2 where 0 deno-
testheoblique angle between the rod and the horizontal. L, denotes
the distance between the neighbour connection nodes.

For prism lattices, we calculate only 1/4 metacell corresponding
to one rod. Fee = Firoa, Ucen = Usrodr Meant = Myoq Ve = [,L5,c0s?0sinG),
Acen =lLo,c0s8, where [, denotes the distance between neighbour-
ing rhombuses, that is, the lattice constant along the x-axis in Fig. 4.
Here we adopt [, =4rtoformadense lattice.

Foroctahedron and prism lattices, the useful length of arodisL,.In
the above equations, L, denotes the distance between two connection
nodesin lattices. If L,, = L,, we will obtain p/p, >1, when the oblique
angle 8> 70°,whichisimpractical. Inreality, the connection nodes also
occupy space, asshown by the samplesin Fig. 4. Therefore, the practical
lattices have L, > L,. For our calculations, we adopt areasonable value
Ly, =1.1L,for therod withr=1.5mm.

Samples
Therubber chiral metacellin Fig. 4afeatures N = 8 rods withr=1.5mm,
whereas the titanium version has N=20 and r= 0.6 mm. All samples
have h,=30 mm or L,=30 mm. Both the rubber and titanium chiral
samplesin Fig. 4a,b have R =7.5 mm and a, = 5°. The oblique angle in
prism lattices is @ =40°. The distance between the neighbour parallel
rods is 3 mm for the TC4 lattice and 10 mm for the rubber lattice. The
rodsinside octahedron and tetradecahedronlattices have equal length.
Based on Fig. 3, the in-rod maximal Mises stresses in chiral, prismand
octahedron lattices are approximate when the same global strain €
is specified. Although tetradecahedron and tensegrity lattices can
theoretically endure higher global deformation, their neighbouring
rods make contact when € > 0.4. Our performance evaluation takes
these differencesinto account. Other parameters and results are listed
in Extended Data Table 1.

InFig.4c, chiral-20°hasR=5.5,2r=1.8, a, =20°, hy = 20 mm. Chiral-
50°hasR=6,2r=1.7, ay=50°, h,=20 mm. E,;= 5.5 MPa for rubber
samplesin Fig. 4e, whereas other rubber samples have E, =15 MPa.
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Experiments

Cyclic compression experiments were performed. The rods in newly
fabricated metal samples areinitially straight. However, after the first
compressive cycle, the all-metal samples exhibit some residual plastic
deformation. In this case, a, increases, and the rod becomes slightly
bent. Moreover, thefirst cycle strengthens the material, improving its
overallstrength. Subsequent compression cycles are fully repeatable,
thatis, nofurther plastic deformation occurs. The enthalpy is calculated
as¢ = 0de.

For the prism lattice, the one-layer sample shown in Extended Data
Fig. 9a consists of two half metacells. We tested the deformation of
two-layer and four-layer samples to confirm consistency. For multi-
layer prism lattices, out-of-plane bulge-out deformation (correspond-
ingto1/2-order buckling) occurs when there are nolateral constraints
(see Extended Data Fig. 9b and Supplementary Video 5). This defor-
mation reduces the buckling strength o, and enthalpy ¢ by a factor
of 10 compared with the desired in-plane buckling mode shown in
Fig.1a (Extended DataFig. 9h). Therefore, as shown in Extended Data
Figs.9cand 10e, we placed the prism lattices inside abox to constrain
the lateral bulge-out deformation.

Data availability

The analytical models, sample parameters, simulation and test data sup-
porting the findings of this study are available in the paper, Extended
Data figures and Extended Data table, and Supplementary Notes.

Further details are available from the corresponding authors upon
request.

Code availability

The FEAs are performed with ANSYS software package, which is avail-
able at https://www.ansys.com. Other codes about analytical model
can be programmed with equations listed in Methods and Supple-
mentary Notes.
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Extended DataFig.1|Model description. (a) Compressive buckling of
anobliquerodinanonchirallattice. (b) Model of halfa chiral metacell
(Supplementary Note 2), showing the in-plane and out-of-plane bending
deformations (Supplementary Note 3.1and 3.2). XYZ denotes the global
coordinates. (c) Atwisted rod becomes helical, indicating the bulge-out angle y
(Supplementary Notes 3.3 and 3.4). Taking arm A,B as an example, point Bis

Twist

Helix

fixed to axis O,X, and point Ayisontorus O,. Therelative rotation angle at
restbetween the two toriis a,. When torus O, is fixed, torus O, generates a
dynamicrotationangle Ounder the compressive displacements, resulting in
chiral deformation. Point A,moves to A, while therod is twisted by angle 6. The
subpoints of Aand A, on plane XOY are Cand A, respectively.
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Extended DataFig.2|Buckling of perfect and nonperfectstraightrods.
Unless otherwise labeled, r=1.5,L,=30 mm. For metamaterial consisting of
obliquerods, applyingavertical compressive displacement (s) gets an equivalent
straine=s/h,.In (b, ¢, d), therods are vertical. (a) Normalized compressive force
ofthe perfectly straight rod with different oblique angle. The dashed range
represents g, > 0.1E,. Bending buckling happens abruptly. (b) Normalized
strain energy of amicro-bendingrod under differentstress. Therod centeris
bended by 2°. This smallimperfection greatly reduces the normalized energy
under o, =0.05E,,0,=0.1E£,and 0, = 0.2E,by about 2/3, compared to the perfectly
straight rod showninFig.2in the main text, due to stress concentration at the
bent position. Fortunately, comparing Fig. 2ain the main text, the maximum
force of thisimperfect rod nearly unchanged. (c, d) Analytical solution of
energy and von Mises stress as a function of equivalent strain forarod.
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(e) Energy-stress curves combined from panels (c, d). The original rod is
perfectly straight. Panel (d,e) indicates the two-stage deformation process
ofanonchiral straight rod. Panel (c) indicates that: (1) Whenbuckling occurs,
thenormalized energy U,,.o/U;increases atahigher rate as strainincreases;

(2) Whenr<2.5 mm, thicker rod achieves higher U,,,s/U, within moderate strain
(£=0.12) because the contribution from pure compressionincreases. However,
furtherincreasingrcannotincrease U,,.o/U,because buckling nolonger occurs.
(3) Inthe pure compression stage, U,,.q/U isindependent of rod thickness.
Asindicated by equation (1), o, gets 8 times higher increment ratio than 0y,e,q
whenincreasingstress. Thus, for aspecified moderate stress, like o, = 0.1, a
thicker rod obtains higher U,,./U, until buckling disappears at this stress level.
If the material strength limitis relaxed, hybrid bending and axial shortening
will always resultin higher energy storage within the specified material volume.
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Extended DataFig.3|Deformation andinfluences of parameters.
(a) Deformation of achiral metacell with R, > R,. (b, ¢) Influence of radius R,
on the maximum force max(F,,,q) and energy of the chiral rod for R, =8 mm

and a,=10°. (d) Influences of rod radius ron the stress and energy of a chiral
rod ataspecified straine=0.2. (e) Energy-stress plot of athinner rod with
r=0.6 mm.Forallplots, L, = h,=30 mm, and r=1.5 mm for (a-d).
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Extended DataFig. 4 |Analyticaland FEA results of typical chiral models.
The four panels show the generalized force Fy,.4/F,, generalized energy U,,o4/Us,
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twisting rotation angle of the chiral unit 8, and generalized stressinrod o,/E,
versus global equivalent strain € = s/h,. All panels share the same legends as
panell.Inthesemodels,R,=R,,r=1.5mm.



a b
058
&m
°
206
O
x
©
E 04
10 30
20
8 10
("7”7) 6 0 a, (D)

30 38
e 20 ;. . 8 20 6
17} @
% 0 10 R\ﬁ\‘“\ 010 0 10 8 RK‘“‘“\
Extended DataFig. 5|Influences ofa,and R=R,=R,on properties.

(a-c) Maximum normalized force F,,¢/F,, normalized energy U,,,4/Us,,

(d-f) Normalized elastic modulus E/E,, buckling strength o,,/E, (c) enthalpy
and proportion of twisting energy 1. under specified straine=0.2.

@/¢,of chiral metamaterials under specified equivalent straine =0.2.
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Extended DataFig. 6 | Stress-energy curves for very thickrod. Therod has
2r/Ly=0.27,L,=30 mm. Thick rods may favor nonchiral designsin moderate
stress ranges, assuming the 1**bending mode remains dominant. However, in
practice, thick rods without the assistance of rigid constraints often follow a
1/2-order lateral buckling mode becauseits critical buckling energy is only
1/16 of the I** mode (Methods). In this case, chiral rod still offers 2-4 times
higherenergy storage. Moreover, reducing theinitial angle a, to 0.1° can
improve chiralrod’s performance near the critical point. Theinfluences of a,,
R,and therod thickness-lengthratio 2r/L, highlight theimportance of design
inchiral metamaterials.
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Extended DataFig.7|FEAresults showing the contribution ofin-rod
twisting and global torsion. FEA simulations are performed using the same
chiralmodelunder differentboundary conditions.R=7,r=1.5,h,=30 mm;
a,=5°.(a) Compressive-twisting buckling: rotation Ois free for aspecified
compression €. Thisis the boundary condition used in the main text to generate
compressive chiral buckling. (b) Purely twisting condition without external
compression: fis specified, with free . Results from this condition indicate the
contribution fromin-rod twisting. Inthis case, allenergy is contributed by global
torsion because the global compressive forceis zero for freely compressive
boundary. Comparing U;,,4in (a) and (b), we obtain the energy ratio of in-rod
twistingis .. = 1.6/4 =40% at 6 =120°, matching the analytical result in Fig. 2d.

(c) Results for step simulation used to separate global torsion and global
compression.Fromnton +1step (¢, =¢€,,0,,=0,+A0);fromn+1ton+2step
(2= Enn T A, 0,4, =0,,,)). Separating the total energy accumulated by global
compression or torsion steps shows that the contribution from global
compression canreach95-~100%. Thisis correctbecause the freely rotatable
boundary condition under specified compressioninduces zero global torque,
and thus the work done by global torque is zero. The nonlinear micropolar
modelinthe Supplementary Note 4 indicates that all energy is contributed by
chirality, as “chirality” is defined as the coupled axial force (global compression
force) generated by global torsion in the micropolar model.
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Extended DataFig. 8 | Properties oftetradecahedron and tensegrity lattice.
(a-g) Tetradecahedron (Kelvin) lattice. (h-m) Tensegrity tetradecahedronlattice.
(a,h) Ametacell. (c,d) Rodsin1/8 model and corresponding compressionbending
deformation. (e, f,g) Changes in Fy,.q4, Uy, and generalized stress o,/E, with
equivalentstraine. InKelvinlattice, everyrodissamewithr=1.5,L,=30 mm.
Thesize of the round connection nodesis considered. The Kelvin lattice has:
plps=7.78%107, F/E,=1.7 %107, 0, /E,= 5.7 X107, ¢/, = 3.07 x 10 at 6, = 0.2E,.
Itsbuckling strength o,,/E,is1/5andits enthalpyis1/19 of the octahedron
lattice withrod’s oblique angle near 40°. Thus, its enthalpy is lower than1/100

ofthe chiral metamaterial. In (h-m), we calculate the nonlinear compressive
responses of atensegrity metacell. All tensile and compressive rods in metacell
have sameradius, and p/p;is varied by changing therod radius. The stress g, is
picked near the rod’s end instead the rods’ crossing positions where stress
concentrationoccur. At g, = 0.1F,. Enthalpy ¢/@, for r=3 mmis 5 times of the
casewithr=1.5mm.However, even for the tensegrity metacell withr=3 mm,
itsenthalpyis only 1/4 of the same-density octahedron lattice consisting of rod
withr=1.5mm.
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Extended DataFig. 9 | Experimental results of nonchiral rubberlattices.
(a) Buckling of asingle-layer rubber prism lattice. (b) Bulge-out buckling of a
two-layer rubber lattice without rigid constrains, with the center bugle-out
alongthe x-axis. Theviewin (a) is different from (b,c). (c) In-plane buckling
ofafour-layer rubber lattice placed inside abox. (d) Compression buckling
ofthe octahedron lattice. () Deformation of the plate-based prism lattice.

(f) Deformation of the tetradecahedron (Kelvin) lattice. (g) Deformation of the
tensegrity tetradecahedron lattice. (h) In-plane and bulge-out buckling curves
of the two-layer rubber prism lattice. (i) Equivalent strain-stress curves of
rubber prism lattices with one, two or four layers, where only in-plane buckling
occurs. Theresult for the two-layer sample is shown in Fig. 4 of the main text.
This panel confirms the consistency of the performance of prism lattices
across differentlayers. (j) Equivalent strain-stress curves of octahedron
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lattices consisting of rods with radiir=1.5and 2 mm. (k) Equivalent strain-
stress curves of the Kelvin lattices and tensegrity lattices consisting of rods
with different radii. Experimental processes are shown in the Supplementary
Videos. Notes: In performance evaluations and comparisons, every rod in
these nonchirallattices is assumed to have ideal 1*-order bending deformation.
For the prismlattice, thisis achieved by constraininglateral deformation.
However, inexperiments, differentlayersin octahedron lattices donot
buckle simultaneously due to intrinsic instability [Programmable Materials1,
1-18(2023)], and itis difficult toinduce the desired bending mode in the
tetradecahedronrods. As aresult, the experimental performance of multi-
layered octahedron and tetradecahedron lattices may be lower than
theoretical predictions.
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Extended DataFig.10 | Experimental results of chiral and nonchiral
metamaterials. (a-f) Deformationimages under compression for different
metamaterials. (a) 3D model of the 3 x 3 rubber chiral metamaterial. Samples
in (b-f) are made of TC4 titanium-alloy. (b,c) Deformation of rod-and beam-
based chiral units. (d, e) Plate- and rod-based prism lattices. (f) Identical chiral
unitunder non-rotatable boundary conditions, presenting nonchiralbending
rods. (g) Equivalent strain-stress curves of titanium alloy chiral metacells.
There are four samples shown, with “chiral 2” used in Fig. 4 of the main text.
(h) Equivalent strain-stress curves of different titanium alloy metamaterials.
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(i,j) FEA results for theidentical TC4 chiral unit. “Chiral” and “nonchiral”

refer to rotatable and non-rotatable boundary boundary, respectively. At the
equivalentstraine = 0.037, the real maximum Mises stress in the rod max(o,) is
about 5 GPafor the chiral unit, but around 10 GPafor the nonchiral rod. For
nonchiral deformation, € = 0.012 for max(o,) = 5 GPa. For aspecified stress of
max(o,) =5 GPa, the energy stored by chiral deformation is1.84 times that of
nonchiral deformation. This property is demonstrated by the experimental
green curvesinsertedin (j), where “nonchirall” and “nonchiral2” denote the
two cases with maximal stresses of o, = 5 GPaand 10 GPa, respectively.



Extended Data Table 1| Collection of experimental samples and results

repeatable loading initial loading
Primary [Metamaterial |Metamaterial | sample size |Density Energy Energy
Noj INbK] Notes
material ftype primitive (mm?)  |o(kgim?) [ | Eneroy [Enthalpy o [Enerov| Enthalpy | o .
o | o xym) o | o Ksm)
(J/g) (J/g)
1 Chiral Rod, =1.5mm [65*65*72  [200.27  |1446.00 20.02 0.201
7 Prism Rod, =1.5mm [100*130*100 [222.46 |160[2.39 1.84 0.071
3 Rod, =1.5mm [104*104*151 [85.05  [216[1.45 0.89 0.032
— (Octahedron Energy
4 Rod, =2.0mm [104*104*151 [111.38 |16 4.56 2.79 0.056 at
| €=0.25
5 retradecahedronR0%: /=1.5mm [185*185'205 [10.60  [176[3.60E-04 (5.42E-5  [1.03E-5
|| Rubber:
_ (Kelvin) 4 OE
b | ps=1000 Rod, =2.0mm [185*185*205 [17.55  |176|1.60E-03 [2.28E-4 [2.41E-5
kg/m3
7 Prism Plate,t=3.2 mm|20*52*44  |517.92 4 |0.48 10.56 0.063
s Rod, =1.5mm |o4*94*110 [18.11 k8 Jo.112 o2 0.0064
o Tensegrity Rod, =2.0mm [04*94*110 [32.20 k8 0.363  [0.37 0.0116 Energy
— tetradecahedron at
10 attice Rod, =2.5mm |04*94*110 |49.28 ks |1.163  |1.20 0.0243 =04
11 Rod, =3.0mm [94*94*110  [70.37 k8 |2.232  [2.30 0.0326
. . 0,~5GPa at
12 Chiral Rod, =0.6mm [20*20*64  |593.75 40 [5.17 201.97 |o.85 819 [319.92 [1.34
[ £=0.036.
Beam, See FEA
13 Chiral 20*20*64  [621.09 40 [5.60 218.89  [0.72 060 [375.18 [1.24 results in
b=t=1.2mm .
- Extended Fig.
TC4: .
14 Prism Rod, =0.6mm [25*105*45 |456.30 64 |4.77 140.38 0.49 6.60 [56.61 o.68 10(i.))
|| ps=4500
15| kg/m3 |Prism plate, t=1.2mm [20*52*44  [718.97 |4 [6.40 139.89  [0.49 065 [21079 |0.74
=5 GP
16 o . 59375 |o 132 0313 a3z |os |isae0  |oss 05 GPaat
Chiral: nonchiral €=0.014
[ Rod, r=0.6mm [20*20*32 '
: ~10GP
17 bending 59375 |1 217 hes4o fo71 laso 7531 fis7 0~10GPa at
£=0.036

Nbk denotes the number of buckled elements in the tested sample. p denotes the equivalent density of the whole sample including all buckled and non-buckled parts.




	Large recoverable elastic energy in chiral metamaterials via twist buckling

	Buckling of chiral and non-chiral rods

	Mechanism analysis

	Performance comparison

	Experiments

	Conclusions

	Online content

	Fig. 1 Deformation of chiral and non-chiral metamaterials.
	Fig. 2 Buckling of chiral and non-chiral rods.
	Fig. 3 Metamaterial performances.
	Fig. 4 Experimental results.
	Extended Data Fig. 1 Model description.
	Extended Data Fig. 2 Buckling of perfect and nonperfect straight rods.
	Extended Data Fig. 3 Deformation and influences of parameters.
	Extended Data Fig. 4 Analytical and FEA results of typical chiral models.
	Extended Data Fig. 5 Influences of α0 and R = R1 = R2 on properties.
	Extended Data Fig. 6 Stress-energy curves for very thick rod.
	Extended Data Fig. 7 FEA results showing the contribution of in-rod twisting and global torsion.
	Extended Data Fig. 8 Properties of tetradecahedron and tensegrity lattice.
	Extended Data Fig. 9 Experimental results of nonchiral rubber lattices.
	Extended Data Fig. 10 Experimental results of chiral and nonchiral metamaterials.
	Extended Data Table 1 Collection of experimental samples and results.




