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A B S T R A C T

Disordered metamaterials exhibit excellent defect tolerance and progressive collapse energy dissipation. How
ever, their disordered topologies lack efficient force transmission paths, creating an inherent challenge in 
simultaneously achieving high strength and energy-absorption capacity. To address this limitation, a stable post- 
buckling load-bearing reinforcement strategy based on asymmetric configurations is proposed, diverging from 
conventional buckling suppression strategies. Inspired by the microstructure of cuttlebone, a biomimetic 
disordered metamaterial system is constructed to validate the strategy. Systematic investigations, including 
building block simulation, single/multilayer metamaterial design, defect perturbation tests, and failure modu
lation, demonstrate that such a strategy endows the system with integrated advantages of high strength, 
enhanced energy-absorption capacity, damage isolation, and controllable collapse. The designed single-layer 
structure achieves an ultrahigh bearing capacity equivalent to 140,000 times its self-weight. Furthermore, the 
multilayer structure retains over 90% of its mechanical performance under single-defect conditions and enables 
the regulation of the transition between crush-dominated and shear failure modes. This work provides new 
theoretical insights and design strategies for high-performance and highly robust protective metamaterials.

1. Introduction

Periodic mechanical metamaterials [1–3] offer high stiffness [4,5], 
high strength [6,7], and predictable mechanical responses through 
highly controllable microstructures [8]. Recent research in periodic 
cellular and lattice architectures has further expanded their mechanical 
performance through the rational design of truss, plate, shell, and 
closed-cell configurations. For example, rib reinforcement of TPMS shell 
lattices can suppress micro-architectural buckling and improve 
load-bearing efficiency, while closed-cell plate and microlattice archi
tectures have demonstrated enhanced stiffness, energy absorption, and, 
in appropriately designed configurations, mechanical isotropy [6,7,9]. 
Architected paper- and carbon-based lattices have also shown that the 
combination of cellular topology and material processing can provide 
competitive strength and energy-absorption performance [10,11]. These 
developments demonstrate the considerable potential of ordered archi
tectures for achieving high mechanical efficiency However, their or
dered architectures can be sensitive to defects and localized damage, 
which may trigger penetrating shear bands and abrupt global collapse 

[12]. In contrast, disordered metamaterials suppress instability propa
gation and stress localization through geometric heterogeneity [13–15], 
enabling progressive collapse, efficient energy absorption, and 
enhanced defect tolerance [16,17]. These advantages, however, are 
accompanied by less coordinated load-transfer pathways, generally 
reduced stiffness and strength [18–20]. The central challenge is there
fore to improve load-bearing efficiency without sacrificing the pro
gressive collapse and damage tolerance enabled by disorder.

Recent studies have addressed this challenge through different non- 
periodic, instability-regulated, and bio-inspired design routes. Fully 
disordered structures mainly regulate topology, connectivity, and 
spatial heterogeneity [13,16,18–21], whereas quasi-disordered archi
tectures introduce controlled perturbations into periodic parent lattices 
[22], and quasicrystalline structures employ deterministic aperiodicity 
to distribute deformation and suppress global instability [23]. 
Buckling-regulated metamaterials instead manipulate the onset, 
sequence, or spatial progression of instability [24–28]. Meanwhile, 
biological cellular materials have increasingly motivated disordered 
designs: natural-cellular-inspired quasi-disordered lattices exploit 
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controlled geometric perturbations [22], disorder–hierarchy coupling 
has been introduced to enhance progressive deformation and energy 
absorption [29], growth-inspired strategies regulate the spatial distri
bution of disordered building blocks to program nonlinear responses 
[30], and recent cuttlebone-inspired structures exploit controlled dis
order to improve strength, energy absorption, and mechanical isotropy 
[31]. These approaches primarily employ the degree, distribution, hi
erarchy, or sequence of disorder and instability as design variables.

The present work focuses on a different mechanical target. Rather 
than modifying the degree of disorder or programming the sequence of 
buckling events, we exploit the stable load-bearing regime that exists 
after pronounced local buckling develops but before global structural 
instability occurs. This regime is defined as the stable post-buckling 
bearing interval (hereafter the post-buckling bearing interval). Asym
metric wall configurations are introduced at the building-block scale to 
elevate the stress level and enlarge the width of this interval. The overall 
architecture remains probabilistically disordered, while the local 
asymmetric geometry acts as a load-bearing reinforcement mechanism. 
Therefore, the essential novelty of the present strategy lies not simply in 
introducing disorder, asymmetry, or buckling, but in using geometric 
asymmetry to reinforce the mechanically useful post-buckling regime 
within a disordered architecture. This approach is intended to 
compensate for the inefficient load transfer associated with disorder 
while retaining its progressive deformation, energy-dissipation, and 
damage-tolerance characteristics.

This concept is inspired by cuttlebone, whose asymmetric curved 
walls and layered partitions combine high load-bearing capacity with 
non-catastrophic failure under pressure [32–34]. Rather than directly 
replicating the biological morphology, we abstract these features into 

two complementary design principles: asymmetric curved walls rein
force the post-buckling bearing interval at the building-block scale, 
while layered partitions spatially distribute instability at the structural 
scale. A cuttlebone-inspired disordered metamaterial is then constructed 
through a virtual-growth strategy. Finite-element simulations and 
theoretical analyses are employed to elucidate geometry-dependent 
deformation and buckling tendencies, while compression experiments 
quantitatively evaluate single-layer strengthening, multilayer energy 
dissipation, defect tolerance, and failure-mode regulation.

2. Design framework of disordered metamaterials

The design framework is inspired by the wall-partition architecture 
of cuttlebone (Fig. 1). The lightweight nature and high bearing capacity 
of cuttlebone do not derive from a simple periodic stacking of regular 
straight-wall structures [35], but depend instead on an irregular topo
logical network composed of curved walls, branched walls, junction 
nodes and layered partitions at the microscale (Fig. 1a). Representative 
local units are abstracted into four building blocks, namely "－", "L", "Y", 
and "H" (Fig. 1b). Furthermore, each of which is further assigned 
straight-wall, symmetric S-wall, or asymmetric S-wall configurations. 
The asymmetric configuration captures the characteristic curved-wall 
geometry of cuttlebone and constitutes the primary functional unit 
investigated in this work.

The building-block geometry is characterized by period P and cur
vature radius r. The period is fixed at 2.5 mm, whereas r is varied ac
cording to the design requirement. The "－"-shape building block 
comprises two complete periods, while the numbers of periods in the 
“L”-, “Y”-, and “H”-shaped blocks adapt to their junction geometry. 

Fig. 1. Design framework and building block configurations of disordered metamaterials. (a) Deep-sea cuttlebone and its corresponding microstructure. (b) Four 
categories of basic building blocks. Sequentially displaying straight-wall, symmetric S-shaped wall, and asymmetric S-shaped wall configurations from left to right. 
The buckling state of the straight-wall configuration of the "－" shaped building block is illustrated on the far right. The 0.2% offset construction used to determine 
the characteristic onset stress σd is illustrated in the stress–strain schematic. The offset line is parallel to the initial linear response and shifted by 0.002 along the 
strain axis; its intersection with the macroscopic stress–strain curve defines σd. (c) Virtual growth strategy. By setting probability combinations for the building 
blocks, disordered metamaterials with geometric heterogeneity are constructed. (d) Large-scale disordered metamaterials generated via the virtual growth strategy. 
(e) Multilayer disordered metamaterial constructed by stacking single-layer structures with partition layers, corresponding to the layered wall–septum architecture of 
the cuttlebone microstructure shown in (a).
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Within one period, the straight-wall configuration of the "－"-shape 
building block is defined by r－u=r－d= 0 (where r－u and r－d denote the 
curvature radii of the upper and lower planes, respectively). Symmetric 
configurations satisfy r－u=r－d=r, while asymmetric configurations 
satisfy r－u∕=r－d. The curvatures of the "L"-shape, "Y"-shape, and "H"- 
shape building blocks are described by (rLu, rLd), (rYu, rYd), and (rHu, rHd), 
respectively (Fig. 1b).

Asymmetric configurations serve as the core functional units that 
enhance the post-buckling bearing

interval. To quantitatively characterize the buckling evolution and 
stable load-carrying capacity mediated by these configurations, multiple 
evaluation metrics are established herein (Fig. 1b). The post-buckling 
bearing interval is defined as the stable load-bearing regime after pro
nounced local buckling develops but before global structural instability. 
Its width is ΔσLW =σg-σd, where σd is the characteristic onset stress 
determined from the macroscopic stress–strain curve using a 0.2% offset 
construction [36], and σg is the critical stress corresponding to global 
instability. The 0.2% offset is used only as a reproducible operational 
measure of departure from the initial linear structural response and as a 
proxy for pronounced buckling-induced nonlinearity; it does not 
represent constitutive material yielding. Thus, ΔσLW characterizes a 
geometricallynonlinear structural post-buckling regime in which local 
buckling has developed while the metamaterial remains globally stable. 
The initial Young’s modulus Eo and specific strength are introduced 

simultaneously as supplementary evaluation metrics to quantify the 
strength enhancement induced by the asymmetric configuration. For 
multilayer metamaterials, the energy-absorption response under 
compression is further employed to quantify structural 
energy-dissipation capability. Throughout this work, this energy-based 
metric is used to characterize the deformation and dissipation perfor
mance of the structure rather than fracture toughness.

On this basis, a virtual growth strategy is adopted in this work 
(Fig. 1c, Appendix A). Different types of building blocks are randomly 
distributed in space according to predefined probability combinations, 
large-scale disordered metamaterials with the structural characteristics 
of single-layer cuttlebone are reproduced (Fig. 1d). Here, the term 
“disordered” specifically refers to topological or architectural disorder 
arising from stochastic assembly under prescribed probabilistic and 
connectivity constraints. Unlike periodic lattices, the resulting archi
tectures do not possess a translationally repeatable unit cell, and their 
local connectivity, chamber geometry, branching patterns, and spatial 
arrangements vary among independently generated realizations. The 
disorder considered here is therefore constrained rather than unre
stricted: the available building blocks, local connection rules, and 
characteristic geometric scale are prescribed by the virtual-growth 
framework, whereas the spatial occurrence of the building blocks and 
the resulting topology are probabilistically generated. Subsequently, 
single-layer disordered metamaterials are coupled and stacked with 
layered partitions to construct multilayer disordered metamaterials 
(Fig. 1e), providing a platform for further investigation of the dissipation 
effects of the asymmetric configuration in multilayer structures.

3. Performance testing of disordered metamaterials

3.1. Finite element analysis of building block deformation and buckling 
tendencies

Building-block-scale finite-element analyses are performed in ABA
QUS/Standard to compare geometry-dependent deformation modes and 
relative buckling tendencies rather than to quantitatively reproduce 
material yielding, fracture, or complete experimental collapse. The resin 
is modeled as an isotropic linear-elastic solid with the Young’s modulus 
of 2649–2731 MPa, Poisson’s ratio of 0.40–0.44, a density of 
1.12–1.18 g/cm3 is assigned, although inertial effects are not involved 
in the present quasi-static analysis. A general static step with geometric 
nonlinearity is used. The lower surface is fixed in all translational de
grees of freedom, and a progressively increasing uniform axial pressure 
is applied to the upper surface. C3D8R elements are used with mesh- 
sensitivity verification. No contact, self-contact, or initial geometric 
imperfection is introduced. Accordingly, the simulations are interpreted 
only as comparative assessments under identical idealized conditions.

Fig. 2 compares the H-shaped building blocks under identical 
loading. The straight-wall configuration exhibits the largest deformation 
and preferential X-axis buckling. Introducing symmetric curvature (rHu 
= rHd = 1 mm) reduces the deformation but produces an additional Y- 
direction buckling tendency near the wall edge. The asymmetric 
configuration (rHu = 0.8 mm, rHd = 2.6 mm) shows substantially smaller 
deformation at the same pressure, with pronounced buckling developing 
only upon further loading. The same relative trend is observed for the 
“− ”-, “L”-, and “Y”-shaped blocks (Appendix B).

3.2. Theoretical analysis of buckling behavior

To interpret the geometry-dependent buckling tendency, the 
straight-wall and symmetric configurations are compared using an 
idealized Euler analysis. The geometric slenderness of the representative 
wall segment was also checked before applying the Euler approxima
tion. The effective segment height is hb = 20 mm, and the wall thickness 
is b= 1 mm, giving a height-to-thickness aspect ratio of hb /b = 20. 
Nevertheless, because the complete H-, Y-, and L-shaped building blocks 

Fig. 2. Finite element models of "H"-shape building blocks. The buckling be
haviors of straight-wall, symmetric, and asymmetric configurations are pre
sented from left to right, and the evolution state of asymmetric configurations 
under continuous loading is displayed on the far right.

Fig. 3. Cross-sectional geometry used for the comparative theoretical analysis. 
(a) Straight wall. (b) Symmetric S-shaped wall.
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contain branching junctions and additional constraints, the Euler 
formulation is used only for local comparative interpretation rather than 
for quantitative prediction of their global critical buckling loads. For 
identical material properties, boundary conditions, and structural 
height, the idealized Euler critical load Pb is governed by the area 
moment of inertia [17]: 

Pb =
π2EIb

kbh2 (1) 

Where Pb is the idealized Euler critical buckling load used for compar
ative theoretical analysis, E represents the material's elastic modulus, kb 
denotes the constraint coefficient, and Ib indicates the area moment of 
inertia.

The beam segments within a single period exhibit geometric sym
metry. Therefore, a half-period model is adopted to establish the models 
for the area moments of inertia of various configurations. The area 
moment of inertia of the straight wall is first formulated with reference 
to Fig. 3a. The area moment of inertia IZX of the straight wall about the X- 
axis is defined as: 

IZX =

∫

S
y2dSZ (2) 

Where SZ denotes the total cross-sectional area, dSZ represents the dif
ferential area of the cross-section, and y is the perpendicular distance 
from dSZ to the X-axis. The differential area is formulated as: 

dSZ =
P
2

dy (3) 

The area moment of inertia IZX can be further expressed as: 

IZX =

∫ b
2

−
b
2

P
2
y2dy =

Pb3

24
(4) 

The area moment of inertia IZY of a straight wall about the Y-axis is 
expressed as: 

IZY =

∫

S
x2dS =

∫ p
4

−
p
4

bx2dx =
bP3

96
(5) 

Where x refers to the perpendicular distance from the differential area to 
the Y-axis. The area moment of inertia of the symmetric S-shaped wall is 
further formulated with reference to Fig. 3b. The arc curve equations y2 
and y1 for the upper and lower boundaries of the S-shaped wall are 
expressed respectively as: 

y1 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
r2 − x2

√
+A − r (6) 

y2 =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
r2 − x2

√
+A − r+ b (7) 

When the area moment of inertia ISX of the S-shaped wall about the 
X-axis is calculated, the differential area is expressed as follows: 

dSS = 2
( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2 − (y + r − A − b)2
√

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2 − (y + r − A)2
√ )

dy (8) 

Based on Eq. (8), the area moment of inertia ISX can be expressed as: 

ISX = 2
∫

S

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2 − (y + r − A − b)2
√

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2 − (y + r − A)2
√ )

y2dy (9) 

Where A denotes the amplitude of the circular arc. The relationship 
between the amplitude A and the radius r is given by: 

Ab = r −
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r2 −
P2

16

√

(10) 

When calculating the area moment of inertia ISY of the S-shaped wall 
about the Y-axis, the differential area can be expressed as: 

dSS = 2bdx (11) 

Based on Eq. (11), the area moment of inertia ISY can be expressed as: 

ISY =

∫ p
4

0
2bx2dx =

bP3

96
(12) 

Fig. 4. Mechanical performances of disordered metamaterials. (a) Morphologies of three types of disordered metamaterials dominated by "H"-shape building blocks. 
(b) Stress-strain curves of the three disordered metamaterials. The regions corresponding to the post-buckling bearing interval are marked. (c) Specific strength and 
Young's modulus of the three disordered metamaterials.
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The calculated moments of inertia are IZX=Pb3/24 = 0.104 and IZY=

bP3/96 = 0.163 for the straight wall, indicating preferential buckling 
about the X-axis. For the symmetric S-wall, ISX= 0.7657 and ISY= 0.163, 
thus, symmetric curvature substantially increases resistance to X-axis 
bending, while the geometric width–thickness disparity suppresses 
macroscopic Y-axis buckling to a deflection tendency. This simplified 
Euler treatment is not extended to the asymmetric configuration because 
its nonuniform curvature shifts the centroid, and the original symmetry 
axes are no longer centroidal axes. The asymmetric geometry is there
fore assessed qualitatively by FE simulations (Fig. 2) and quantitatively 
by compression experiments (Fig. 4). It should be emphasized that the 
Euler analysis and the post-buckling bearing interval describe two 
sequential stages of the structural response rather than the same 
constitutive regime. The Euler analysis provides an idealized interpre
tation of the geometry-dependent elastic buckling tendency prior to 
pronounced nonlinear deformation, whereas, after local buckling is 
activated, the subsequent bearing response is governed primarily by 
geometrically nonlinear deformation and load redistribution among the 
building blocks.

3.3. Experimental sample fabrication and performance testing

Disordered metamaterials with straight-wall, symmetric S-wall, and 
asymmetric S-wall configurations are fabricated using a Zhongrui 880 
stereolithography printer and white photosensitive resin (Fig. 4a). The 
resin has a tensile strength of 41–58 MPa, flexural modulus of 
2712–2791 MPa, and flexural strength of 69–75 MPa. After fabrication, 
specimens are ultrasonically cleaned in anhydrous ethanol for two 3-min 
cycles. For the generated disordered metamaterials, compression tests 
are conducted on them (The testing apparatus is shown in Appendix C). 
Quasi-static compression tests are conducted using a UTM5605X series 
microcomputer-controlled electronic universal testing machine, equip
ped with a high-precision 600 kN load cell. To ensure stable specimen 
alignment and containment throughout the loading process, a pair of 
custom compression platens machined from 45‑steel is utilized. All 
uniaxial compression tests are performed at a constant displacement rate 
of 1 mm/min.

For the proposed disordered metamaterials, compression is applied 
along the longitudinal direction, i.e., normal to the stacked partition 
layers. Owing to their layered architecture, these structures are archi
tecturally anisotropic, and the mechanical properties reported in this 
work therefore correspond specifically to this prescribed loading direc
tion. Mechanical responses in the transverse directions are not evaluated 
in the present study. The compressive stress–strain responses reported 
throughout this work are expressed in terms of engineering stress and 

engineering strain. The engineering stress is calculated as F/A0, where F 
is the measured compressive force and A0 is the cross-sectional area of 
the specimen perpendicular to the loading direction. The engineering 
strain is calculated as δ/H0, where δ is the axial compression displace
ment, and H0 is the initial specimen height along the loading direction. 
The geometric parameters of the tested specimens are summarized in 
Appendix J.

H-dominated disordered metamaterials generated with the proba
bility combination (0.7, 0.1, 0.1, 0.1) are used to compare the three wall 
configurations. The relative densities of the straight, symmetric, and 
asymmetric specimens are 41.53%, 41.37%, and 41.26%, respectively. 
Their maximum difference is only 0.27 %age points, indicating that the 
three configurations are compared under nearly identical material- 
volume conditions (Appendix J). The measured σd values for the 
straight, symmetric, and asymmetric configurations are 13.63 MPa, 
13.78 MPa, and 14.26 MPa, respectively, while the corresponding σg 
values are 14.52 MPa, 14.88 MPa, and 16.19 MPa. Thus, ΔσLW increases 
from 0.89 MPa for the straight wall to 1.10 MPa for the symmetric S- 
wall and 1.93 MPa for the asymmetric S-wall (Fig. 4b). The asymmetric 
architecture also achieves a specific strength of 35.67 ± 1.43 MPa⋅cm3/ 
g and a Young’s modulus of 199.22 ± 3.58 MPa (Fig. 4c), exceeding the 
other two configurations. These findings demonstrate that the asym
metric configurations can help enhance the strength performance of 
disordered metamaterials. The same enhancement trend is observed in 
"－"-shape, "L"-shape, and "Y"-shape building blocks dominated meta
materials (Appendix D and E).

Considering the random characteristics of disordered metamaterials, 
this work further verifies the statistical robustness of the mechanical 
strengthening effect of asymmetric configurations (Fig. 5a). Statistical 
robustness is evaluated using five independently generated asymmetric 
structures (H1–H5) with the same probability combination (0.7, 0.1, 
0.1, 0.1). The relative densities of H1–H5 are 41.22%, 41.21%, 41.22%, 
41.17%, and 41.25%, respectively, confirming that the statistical com
parison is conducted among specimens with nearly identical material 
fractions (Appendix J). Their stress–strain curves and post-buckling 
bearing intervals show close agreement. The specific strengths are 
40.97, 40.69, 39.96, 41.29, and 40.08 MPa⋅cm³ /g, while the Young’s 
moduli are 242.13, 235.37, 239.05, 233.44, and 234.04 MPa, giving 
coefficients of variation of only 1.40% and 1.56%, respectively (Fig. 5b). 
This consistency arises from statistically similar building-block and 
chamber distributions despite different macroscopic realizations 
(Appendix F). Benefiting from the strengthening effect of the asym
metric configuration in the post-buckling bearing interval, the bearing 
capacity of the disordered metamaterials reaches 140,000 times their 
self-weight, which is significantly superior to that of existing biomimetic 

Fig. 5. Robustness of mechanical performances. (a) Stress-strain curves of five asymmetric disordered metamaterials generated with the same probability combi
nation. (b) Radar chart of specific strength and Young’s modulus for the five metamaterials.
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cuttlebone structures [17].

4. Performance advantages of multilayer disordered 
metamaterials

This work further demonstrates that a single-layered disordered 
metamaterial provides a single bearing stage, thereby limiting the 

energy absorption potential. To overcome this limitation, multilayer 
disordered metamaterials comprising four layers are fabricated. Quasi- 
static compression tests are conducted, with Kelvin foams [17] and 
Octet-truss lattices [37,38] adopted as control groups (Fig. 6). Their 
relative densities are 37.30%, 31.78%, and 18.65%, respectively 
(Appendix J). It should be noted that the proposed multilayer disordered 
metamaterial is direction-dependent. Therefore, the comparison in 

Fig. 6. Mechanical performances of multilayer disordered metamaterials. (a-c) Compression process of multilayer disordered metamaterials, Kelvin foams, and 
Octet-truss lattices. (d) Stress–strain curves for the three types of structures. (e) Ashby performance diagram. The data and corresponding material and testing 
information are summarized in Appendix G.

Fig. 7. Defect insensitivity of multilayer disordered metamaterials. (a) Intact multilayer disordered metamaterial, demonstrating its progressive collapse process 
under quasi-static compression. (b) Comparison of initial configurations, including multilayer disordered metamaterials with single/double defects and periodic 
honeycomb structures with intact/single defects. (c) Stress–strain curves for the five structures. (d) Quantification of the latency window for the five structures. e, 
Specific strength and specific energy absorption for the five structures.
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Fig. 6 is restricted to the compressive responses measured along the 
prescribed loading directions shown in Fig. 6a-c.

It should be emphasized that the comparison in Fig. 6 is not intended 
as a strict topology- or dimensionality-matched comparison. The pro
posed metamaterial is constructed from planar disordered layers inter
connected by partition layers, whereas the Octet-truss lattice are three- 
dimensional cellular architectures with different geometric and direc
tional characteristics. In this study, the proposed multilayer disordered 
metamaterial, the Kelvin-foam benchmark, and the Octet-truss bench
mark were all reconstructed, fabricated by the same printing process, 

and tested under the same top-to-bottom quasi-static compression con
dition. Accordingly, the comparison is intended to evaluate their 
direction-specific compressive responses under a common experimental 
framework rather than to imply topological equivalence or direction- 
independent superiority. Specific strength and specific energy absorp
tion are additionally used to reduce the direct influence of differences in 
material usage and apparent density.

As shown in Fig. 6a, the multilayer disordered metamaterial exhibits 
typical progressive failure characteristics during compression. The 
structures undergo local buckling successively along the layered 

Fig. 8. Editability of failure modes for multilayer disordered metamaterials. (a) Schematic diagram of multilayer disordered metamaterial design. (b) Failure modes 
of three different multilayer disordered metamaterials under compression. (c) Stress–strain curves of the three disordered metamaterials. (d) Specific strength and 
specific energy absorption.

Fig. 9. Implementation process of the virtual growth strategy. (a) Building blocks. Comprising 4 types of basic building blocks and 8 types of building block variants. 
(b-c) Disordered metamaterials. Two disordered metamaterials composed of building blocks with symmetric and asymmetric configurations are presented, 
respectively.

Y. Liu et al.                                                                                                                                                                                                                                      Thin-Walled Structures 232 (2027) 115843 

7 



interfaces, and the instability damage is released in stages, eventually 
forming a multi-stage stable collapse plateau. This phenomenon is 
clearly reflected by the corresponding stress-strain curves (Fig. 6d), 
where the post-buckling bearing interval is no longer a transient local 
effect of single-layer structures, but rather evolves into multi-peak 
progressive characteristics. The strength σg decreases in a stepwise 
manner without any sudden load drops, demonstrating excellent 
bearing stability and progressive energy dissipation capability. In 
contrast, although the Kelvin foam (Fig. 6b) exhibits layer-by-layer 
collapse, the interlayer deformation coupling is strong. This is re
flected in the stress–strain curve by a faster decay of the strength σg and a 
limited width of the stable bearing plateau (Fig. 6d). Furthermore, 
sustained post-buckling bearing intervals are virtually absent in the 
Octet-truss lattice (Fig. 6c), which undergoes rapid, catastrophic global 
fracture under compression. The corresponding stress-strain curve fea
tures only a single peak, following the onset of global instability, the 
bearing capacity drops sharply, resulting in a low energy absorption 
capacity (Fig. 6d).

The essence of such performance differences lies in the fact that 
Kelvin foams are categorized as bending-dominated structures. 
Although instantaneous catastrophic failure can be prevented, their 
strength and modulus are inherently limited by the bending deformation 
mode. The octet-truss lattice is a tensile/compressive dominant struc
ture that lacks an effective damage tolerance mechanism, rendering it 

incapable of dissipating energy through local buckling. In contrast, the 
multilayer disordered metamaterials achieve controllability of post- 
buckling deformation and bearing behavior through the synergy of 
their layered structure and asymmetric configuration, thereby signifi
cantly enhancing the energy absorption capacity.

Fig. 6e benchmarks the proposed multilayer disordered meta
material against 18 representative porous/lattice architectures recon
structed and experimentally evaluated in the present study. Importantly, 
Fig. 6e is constructed as a controlled within-study benchmark rather 
than as an Ashby diagram compiled directly from literature-reported 
mechanical-property data. All reference architectures were fabricated 
using the same photosensitive resin and stereolithography process and 
were tested under the same quasi-static compression protocol. This 
controlled framework reduces the confounding effects associated with 
differences in constituent material, manufacturing route, and testing 
protocol. Literature-reported mechanical data obtained using different 
material systems, manufacturing processes, characteristic scales, 
relative-density ranges, or loading conditions are therefore not directly 
incorporated into Fig. 6e. Within this controlled benchmark, the pro
posed structure achieves a specific strength of 42.70 MPa⋅cm3/g and a 
specific energy absorption of 13.17 KJ/kg, placing it in the high- 
performance region of this controlled benchmark. Although its specific 
strength is slightly below that of the bamboo-mimetic honeycomb 
(44.58 MPa⋅cm3/g), its specific energy absorption is 1.66 times higher, 
demonstrating a favorable balance between load-bearing capacity and 
energy absorption.

5. Defect insensitivity

The experimental results of the multilayer disordered metamaterials 
confirm that the synergistic enhancement of strength and energy- 
absorption capability can be achieved through the layered dissipation 
of the structure. However, whether the inevitable manufacturing defects 
or local damages in engineering applications will disrupt this mecha
nism is the core issue in verifying its engineering applicability. Inter
layer defects with identical dimensions and locations are introduced into 
three-layer disordered metamaterials and a periodic contrast structure 
in this work. The effects of these defects on the mechanical performance 
are compared (Fig. 7).

The intact multilayer structure (DW) exhibits sequential layerwise 
post-buckling collapse (Fig. 7a). Introducing single (DS) or double (DD) 
defects preserves this progressive mode without triggering penetrating 
shear bands or catastrophic global instability (Fig. 7b). In contrast [39], 
in the periodic spider-web honeycomb structures (SW is the intact 
structure and SS indicates the defective structure), the defects act 
directly as loci of stress concentration. The relative densities of DW, DS, 
DD, SW, and SS are 37.76%, 37.37%, 37.02%, 39.12%, and 38.81%, 
respectively (Appendix J). Under compression, they rapidly trigger 
global instability, with deformation propagating rapidly from the local 
defects to the entire structure (Appendix H). This distinct behavior is 
directly manifested in the stress-strain curves (Fig. 7c). Only mild decay 
of strength σg is observed for defective disordered metamaterials in 
comparison with the intact structure. Conversely, compared with the 

Fig. 10. Numerical deformation and buckling tendencies of three different 
building blocks. (a) Numerical buckling behavior of the “－”-shape building 
block. From left to right are the deformation diagrams of the straight wall, the 
symmetric S-shaped wall, and the asymmetric S-shaped wall under compres
sion. The black ellipse highlights the region of stress asymmetry. (b-c) Nu
merical buckling behaviors of the “L”-shape and “Y”-shape building blocks.

Fig. 11. Mechanical compression experiment.
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Fig. 12. Disordered metamaterial samples under different probability combinations. From left to right are the disordered metamaterials in the straight-wall, 
symmetric, and asymmetric configurations.

Fig. 13. Mechanical performances of three types of disordered metamaterials under different configurations. (a-c) Stress-strain curves of the three types of disordered 
metamaterials. For each type of metamaterial, the stress-strain curves of straight walls, symmetrical, and asymmetrical configurations are plotted. (d-f) Specific 
strength and Young's modulus of the three types of disordered metamaterials.
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intact periodic structure, the defective periodic structure exhibits a 
precipitous decline in the strength σg, accompanied by a severe reduc
tion in the stable plateau width and a marked degradation in overall 
mechanical performance.

To quantitatively characterize the degradative effect of defects on 
structural bearing capacity, this work presents a quantitative analysis of 
the initial post-buckling bearing interval for the five structures (Fig. 7d). 
The initial post-buckling intervals are 12.77–15.90 MPa for DW 

(ΔσLW=3.13 MPa), 11.59–14.39 MPa for DS (2.80 MPa), and 
9.51–12.38 MPafor DD (2.87 MPa). By comparison, the interval of the 
periodic reference decreases from 12.03 to 14.13 MPa for SW 
(2.10 MPa) to 9.63–10.62 MPa for SS (0.99 MPa). T Thus, defects pri
marily shift the post-buckling regime of the disordered architecture to
ward lower stress while largely preserving its width, whereas the 
periodic reference exhibits substantial interval contraction.

The aforementioned advantages are ultimately reflected in the 

Fig. 14. Robustness of the chamber characteristics of disordered metamaterials. (a) Number of chambers across different volume ranges for five samples. (b) Violin 
plot for the 0–300 mm3 volume range. Includes 5 samples and marks the external frame, median, and box length. (c-d) Violin plots for the other two volume ranges.

Fig. 15. 18 different periodic structures.
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macroscopic mechanical performances (Fig. 7e). Compared to DW, the 
specific strength and specific energy absorption of DS decrease by 8.59% 
and 7.81%, respectively. For DD, these values decrease by 13.14% and 
11.01% relative to DS, thereby demonstrating a progressive degradation 
trajectory. In contrast, the specific strength and specific energy ab
sorption of SS exhibit sharp declines of 24.19% and 30.89% relative to 
SW, respectively, which manifests a significantly higher defect sensi
tivity. This disparity indicates that the superior mechanical perfor
mances of the multilayer disordered metamaterial are achieved not by 
the elimination of defects, but rather through the layered dissipation to 
prevent the simultaneous exhaustion of the global bearing capacity.

6. Editable failure modes

The regulatory ability of asymmetric configurations endows multi
layer disordered metamaterials with excellent synergistic performance 
in strength and energy absorption, as well as defect insensitivity. This 
work further demonstrates that by tuning the post-buckling bearing 
intervals of metamaterials of individual layers, precise tailoring of fail
ure modes can be achieved. Thus, the damage path can be precisely 
controlled in protective applications, protecting the critical functional 
regions. Multilayer structures assembled from two types of disordered 
metamaterials with distinct bearing capacities are fabricated to verify 
this design concept (Fig. 8a). Specifically, metamaterial I exhibits a high 
bearing capacity (probability combination of (0.7, 0.1, 0.1, 0.1)), while 
metamaterial II is characterized by a low bearing capacity (probability 
combination of (0.2, 0.2, 0.2, 0.4)). By adjusting the proportion of the 
layers in metamaterial II, three multilayer structures with a total of 5 
layers, namely D_21, D_12, and D_13, are constructed. The relative 
densities of D_21, D_12, and D_13 are 36.20%, 34.95%, and 34.54%, 
respectively (Appendix J).

Compression results indicate that the metamaterial II preferentially 
triggers buckling. Consequently, damage propagates predominantly 
within this functional layer (Appendix I). Meanwhile, distinct failure 
modes are induced by interlayer metamaterial differences (Fig. 8b): 
D_21 and D_12 exhibit crush-band failure characteristics, whereas D_13 
develops inclined penetrating shear bands (the green dashed line marks 
the location of the shear band). These variations in failure behavior are 
attributed to the interlayer confinement effect and the stress triaxiality 
mechanism. The intensity of the interlayer confinement is regulated by 
the geometric ratio K/M (defined as the ratio of the number of layers in 
the width direction to that in the thickness

direction) of the metamaterial II. The dimensionless stress triaxiality 
η is introduced to classify the failure regimes: crush failure correlates 
with elevated η values, whereas penetrating failure dominated by shear 
band is associated with low η values [12,40]. 

η =
1
3

(
σx + σy + σz

)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
2

( (
σx − σy

)2
+
(
σy − σz

)2
+ (σz − σx)

2)
√ (13) 

Where σx and σy represent the lateral stresses along the x and y di
rections, respectively, while σz denotes the axial stress along the z di
rection. With fixed total structural layers and lateral layers, the K/M 
ratio is governed exclusively by the layer thickness parameter M of the 
metamaterial II. When the K/M ratio is large, the thickness of the met
amaterial II accounts for a small proportion. This configuration en
hances the lateral constraint exerted by metamaterial I, thereby 
inducing localized axial stress concentration, escalating the stress 
triaxiality, and ultimately culminating in crush-band failure. 
Conversely, a reduced K/M ratio relieves this interlayer confinement, 
which decreases the stress triaxiality and consequently triggers a tran
sition to penetrating shear failure. Thus, η is used here as a mechanistic 

Fig. 16. Failure processes of multilayer disordered metamaterials and periodic structures. From top to bottom, the failure processes of single-defect disordered 
metamaterials, double-defect disordered metamaterials, defect-free spider-web honeycomb structures, and single-defect spider-web honeycomb structures are shown.
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descriptor to interpret the experimentally observed failure-mode tran
sition rather than as a quantitatively measured field variable.

Fig. 8c illustrates the stress-strain curves for D_21, D_12, and D_13, 
which exhibit distinct stepwise fluctuations. Fig. 8d encapsulates the 
corresponding statistical summarization of their mechanical perfor
mances. The quantitative results indicate that the specific strengths of 
D_21, D_12, and D_13 are 39.09 ± 0.65 MPa⋅cm3/g, 41.08 
± 0.73 MPa⋅cm3/g, and 38.49 ± 0.58 MPa⋅cm3/g, respectively, with 
corresponding specific energy absorption values of 13.86 ± 0.32 KJ/kg, 
14.42 ± 0.28 KJ/kg, and 13.60 ± 0.42 KJ/kg. Notably, the D_12 meta
material, which achieves layered dissipation through steady-state 
crushing, exhibits the optimal comprehensive performance. These 
findings demonstrate that by appropriately controlling the proportion of 
metamaterial layers with low bearing capacity, the energy dissipation 
advantages of the post-buckling bearing interval can be fully utilized. 
Conversely, an excessive fraction triggers shear instability, thereby 
degrading overall mechanical performance.

7. Conclusion

This work proposes an asymmetric post-buckling reinforcement 
strategy to address the strength–energy absorption trade-off in disor
dered metamaterials. Asymmetric configurations delay the development 
of buckling-induced deformation and shift the stable post-buckling 
bearing regime toward higher stress levels, thereby enhancing struc
tural load-bearing capacity. Extending this mechanism to multilayer 
architectures produces progressive layerwise collapse, improving en
ergy absorption while preserving substantial mechanical performance in 
the presence of defects. The macroscopic failure mode can further be 
tailored between crush-dominated and penetrating shear responses by 

adjusting the proportion of layers with different bearing capacities. 
These findings provide critical theoretical insights and design guidelines 
for developing next-generation advanced protective metamaterials 
characterized by high strength, high energy-absorption capacity, defect 
robustness, and editable failure modes.
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Appendix A. Virtual growth strategy

The virtual growth strategy is predicated on four fundamental components: building block, splicing rule, probability combination, and growth 
region. Two-dimensional schematic diagrams of the four types of basic building blocks are presented in Fig. 9, designated as H0, Y0, L0, and －0, 
respectively, according to their structural characteristics. These building blocks possess distinct numbers of ports, comprising four, three, two, and two 
independent ports, respectively. The distribution characteristics of port orientations for each type of building block are described as follows: the four 
ports of building block H0 face top, bottom, left, and right, respectively; the three ports of building block Y0 are distributed at the bottom, left, and 
right of the structure; the ports of building block L0 face top and right; and the ports of building block －0 are oriented horizontally.

Crucially, multiple structural variants can be derived from each type of basic building block via clockwise rotation. Building blocks H1 and －1 are 
generated by rotating the basic building blocks H0 and －0 by 90◦ clockwise, respectively. Rotating the basic building block Y0 clockwise by 90◦, 180◦, 
and 270◦ sequentially yields three structural variants: Y1, Y2, and Y3. Similarly, three structural variants, namely L1, L2, and L3, can be acquired when 
basic building block L0 is rotated clockwise at the same angular intervals. The basic building blocks and their corresponding structural variants are 
collectively defined as “*”-shape building blocks, where the symbol “*” stands for H, Y, L, and －. It is worth noting that as the basic building blocks 
rotate clockwise, the orientation of their ports must also be adjusted accordingly. In addition, the various building blocks examined in this work 
exhibit differences in wall morphology, ranging from straight walls to symmetrical and asymmetrical walls. However, in terms of overall structural 
classification, all of the above wall morphologies are uniformly classified under the “*”-shape building block category.

The overall assembly process for the aforementioned building blocks operates within a planar grid framework. Strict splicing rules are established 
for connecting building blocks to ensure compatibility when combining different types of building blocks. Two adjacent building blocks can only form 
a valid connection if they possess complementary ports; otherwise, the structural continuity is inhibited. Specifically, the structural alignment con
forms to the following constraints: building blocks with a right-side port are restricted to interfacing exclusively with building blocks with a left-side 
port, whereas building blocks with a top port must interface with those possessing a bottom port. The assembly integrity is independent of the 
structural morphologies of the building blocks, as the geometric requirements for port alignment are universally satisfied across all configurations. The 
assembly effects of building blocks with symmetric and asymmetric configurations are successively illustrated in Fig. 9b and c.

Based on the four types of building blocks defined above, probability combinations are introduced to quantitatively control the occurrence fre
quency of each type of building block in disordered metamaterials. Specifically, if the probability combination is set to (a, b, c, d), the theoretical 
probabilities of the “H”-shape, “Y”-shape, “L”-shape, and “－”-shape building blocks are a, b, c, and d, respectively. These four parameters strictly 
satisfy a normalization constraint, expressed as a + b + c + d= 1. For example, the probability combination of (0.36, 0.20, 0.08, 0.36) is applied in 
Fig. 9b and c. In addition, spatial constraints are dictated by the growth region, which defines the topological boundary dimensions and spatial 
distribution limits of the disordered metamaterials. Examples of growth regions consisting of 25 lattices are provided in Fig. 9b and c. Once the four 
basic components are specified, the corresponding disordered metamaterials are systematically generated.

Appendix B. Building block simulation

Numerical simulations of the buckling evolution are performed on three building blocks, including “－”-shape, “L”-shape, and “Y”-shape con
figurations (Fig. 10). For the “－”-shape building block (Fig. 10a), pronounced X-axis buckling occurs in the straight-wall configuration under 
compression, exhibiting the largest deformation amplitude. The overall deformation of the symmetric configuration is remarkably suppressed, the 
buckling mode shifts to coupled X-Y axis buckling, thereby enhancing structural stability. Conversely, the asymmetric configuration exhibits negli
gible deformation at the equivalent load level, the

asymmetric configuration exhibits substantially smaller deformation under the same applied load. Buckling is eventually triggered when 
continuous loads are applied to the asymmetric configuration.

This phenomenon is consistently observed in both the “L”-shape and “Y”-shape building blocks (Fig. 10 b and c). The straight-wall configurations 
exhibit pronounced X-axis deformation, whereas the symmetric configurations show reduced deformation accompanied by coupled X-Y deflection 
tendencies. The asymmetric configurations exhibit substantially smaller deformation under the same external loads, with pronounced buckling- 
induced deformation appearing only after the load is further increased. These numerical results are used to compare relative deformation and 
buckling tendencies under identical idealized conditions; no quantitative critical buckling load or failure threshold is extracted from these simulations.

Appendix C. Compression experimental apparatus

The whole deformation process of disordered metamaterials with asymmetric configurations under quasi-static uniaxial compression is visually 
demonstrated in Fig. 11. From left to right, the sequential stages encompass the initial load-bearing stage, initial buckling stage, and post-instability 
collapse stage. Integral rigid load-bearing performance is maintained by the structure at the initial load-bearing stage. As the load increases, individual 
building blocks are the first to buckle, entering the initial buckling stage. Once the applied load exceeds the critical threshold for global instability, the 
post-buckling bearing interval is exhausted, triggering catastrophic macroscale collapse.

Appendix D. Disordered metamaterial structures

To verify the universality of the mechanical regulation effect induced by asymmetric configurations in different disordered metamaterial systems, 
disordered metamaterials dominated by the “－”-shape, “L”-shape, and “Y”-shape building blocks are further constructed based on three probability 
combinations of (0.1, 0.1, 0.1, 0.7), (0.1, 0.1, 0.7, 0.1), and (0.1, 0.7, 0.1, 0.1). For each probability combination, disordered metamaterial samples 
with straight-wall, symmetric, and asymmetric configurations are generated, ensuring a complete set of configuration comparison systems for each 
probability combination (Fig. 12). The single-variable control principle is strictly followed throughout the tests. Differentiated regulation is only 
implemented on the curvature parameters of the upper and lower planes of dominant building blocks, while the straight-wall configuration is 
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uniformly adopted for the remaining non-dominant building blocks.
Appendix E. Mechanical performances of disordered metamaterials

The quasi-static compression tests are performed on metamaterials dominated by the “－”-shape, “L”-shape, and “Y”-shape building blocks. Taking 
the stress-strain curves of metamaterials dominated by the “－”-shape building blocks as an example, the characteristic onset stress σd of straight-wall, 
symmetric, and asymmetric configurations is measured as 6.01 MPa, 7.19 MPa, and 8.84 MPa, while the stress σg is obtained as 7.15 MPa, 8.38 MPa, 
and 10.57 MPa, and the corresponding post-buckling bearing interval width ΔσLW is 1.14 MPa, 1.19 MPa, and 1.73 MPa, respectively. These results 
demonstrate that the asymmetric configurations simultaneously elevate the load-bearing capacity and expand the post-buckling bearing interval 
width. This regulatory trend is consistently replicated across the disordered metamaterials dominated by “L”-shape and “Y”-shape building blocks 
(Fig. 13a-c).

The mechanical performances of the three configurations are quantified (Fig. 13d-f). The introduction of symmetric and asymmetric configurations 
induces a monotonic increase in both specific strength and Young's modulus across the metamaterials dominated by the “－”-shape, “L”-shape, and 
“Y”-shape building blocks. For instance, the metamaterials dominated by the “－”-shape building blocks featuring the asymmetric configuration 
exhibit a specific strength of 26.81 ± 1.01 MPa⋅cm3/g and a Young's modulus of 135.32 ± 2.99 MPa, significantly outperforming their straight-wall 
and symmetric configurations. This phenomenon is stably reproduced in disordered metamaterials dominated by the “L”-shape and “Y”-shape 
building blocks.

Appendix F. Mechanisms of Robustness

The robustness of the mechanical performance of the disordered metamaterials can be attributed to the statistical consistency of their internal 
chamber units. To reveal the intrinsic relationship between topological randomness and performance stability, five independent samples (H1–H5) are 
generated under the probability combination (0.7, 0.1, 0.1, 0.1).

Table 1 
Number of chambers of disordered metamaterials

Variable H1 H2 H3 H4 H5

Number 326 325 324 323 326

The microstructural evolution is quantitatively evaluated using three distinct metrics: the total number of chambers, the number of chambers in 
different volume intervals, and the chamber volume distribution. Statistical results show that the total number of chambers in the five sets of samples is 
326, 325, 324, 323, and 326, respectively (Table 1). The overall values are highly consistent and do not exhibit significant fluctuations due to the 
random arrangement of building blocks. Significance tests are further conducted on the chamber volume distribution, and a p-value of 0.989 
(p > 0.05) is obtained. Confirming that, under the same probability combination, there are no significant differences in chamber volume among 
different disordered metamaterials.

To visualize the distribution characteristics of chamber volumes, the chamber volumes are divided into three distinct ranges: 0–300 mm3, 
300–600 mm3, and greater than 600 mm3. The corresponding chamber number within each range is subsequently quantified (Fig. 14a). The results 
show that the number of chambers across the three volume ranges remains remarkably uniform for all five samples, with no significant differences. 
Violin plots are employed to delineate the specific volume distribution characteristics within these discrete ranges (Fig. 14b-d). The data dispersion 
degree is represented by the box length, the data central

tendency is reflected by the median, and the probability density distribution of data is described by the external frame. The results show that across 
the three volume ranges, the box length, median, and external frame of each sample are highly consistent, which proves that the dispersion degree, 
central tendency, and probability distribution pattern of chamber volumes are kept consistent. In summary, random differences in the macroscopic 
morphologies of disordered metamaterials are induced by the virtual growth strategy. However, high statistical consistency in the quantity, size, and 
spatial distribution of chambers is ensured under the constraint of probability combinations, and good robustness is thus presented in the overall 
mechanical performances of disordered metamaterials.

Appendix G. Periodic structures

18 types of typical periodic porous/lattice structures (Fig. 15) are selected as reference benchmarks [12,17,39,41–51]. The corresponding material 
systems, relative densities, and compression-test conditions are summarized in Table 2.

Table 2 
Data on the structures used in the Ashby diagram

Structure Material Relative density Specific strength Specific energy absorption Test conditions

CHSO Resin 0.186 16.68 MPa⋅cm³ /g 2.26 kJ/kg Quasi-static, 1 mm/min
SH-1 Resin 0.367 35.08 MPa⋅cm³ /g 9.91 kJ/kg Quasi-static, 1 mm/min
Cubic lattice Resin 0.169 19.83 MPa⋅cm³ /g 0.87 kJ/kg Quasi-static, 1 mm/min
BCC Resin 0.207 12.46 MPa⋅cm³ /g 0.57 kJ/kg Quasi-static, 1 mm/min
Cross Resin 0.281 21.68 MPa⋅cm³ /g 0.88 kJ/kg Quasi-static, 1 mm/min
FCC Resin 0.125 20.59 MPa⋅cm³ /g 0.79 kJ/kg Quasi-static, 1 mm/min
Kelvin Resin 0.213 7.12 MPa⋅cm131/g 4.95 kJ/kg Quasi-static, 1 mm/min
Kelvin foam Resin 0.322 42.38 MPa⋅cm131/g 12.29 kJ/kg Quasi-static, 1 mm/min
Octapeak Resin 0.143 4.89 MPa⋅cm131/g 1.61 kJ/kg Quasi-static, 1 mm/min

(continued on next page)
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Table 2 (continued )

Structure Material Relative density Specific strength Specific energy absorption Test conditions

Octet-truss Resin 0.149 22.72 MPa⋅cm131/g 1.18 kJ/kg Quasi-static, 1 mm/min
Beetle Resin 0.141 21.38 MPa⋅cm131/g 5.82 kJ/kg Quasi-static, 1 mm/min
NH-1 Resin 0.307 40.93 MPa⋅cm131/g 10.69 kJ/kg Quasi-static, 1 mm/min
Re-entrant Resin 0.296 33.42 MPa⋅cm131/g 4.91 kJ/kg Quasi-static, 1 mm/min
GSLS Resin 0.441 23.51 MPa⋅cm131/g 11.01 kJ/kg Quasi-static, 1 mm/min
Lotus root Resin 0.293 30.77 MPa⋅cm131/g 11.07 kJ/kg Quasi-static, 1 mm/min
HPAA Resin 0.291 10.97 MPa⋅cm131/g 3.78 kJ/kg Quasi-static, 1 mm/min
Cubic Resin 0.169 17.92 MPa⋅cm131/g 4.81 kJ/kg Quasi-static, 1 mm/min
BHTNS Resin 0.362 44.58 MPa⋅cm131/g 7.91 kJ/kg Quasi-static, 1 mm/min

Appendix H. Progressive failure evolution in the defective state

The progressive failure evolution of defective and defect-free multilayer disordered and periodic metamaterials under quasi-static compression is 
visually presented in Fig. 16.

Appendix I. Progressive failure evolution of the multilayer structures

Fig. 17 presents the progressive collapse behavior of composite multilayer structures assembled from two types of disordered metamaterials with 
distinct post-buckling bearing performance. For the D_21 and D_12 samples, steady-state crushing failure occurred along the thickness direction 
during loading. In contrast, for the D_13 sample, during the loading process, exhibits a distinct oblique penetrating-shear failure mode during loading.

Appendix J. Geometric and dimensional parameters of experimental specimens

Table 3 
Geometric and dimensional parameters of all experimentally tested specimens

Name Wall thickness Curvature(ru, rd)(mm) Relative density Overall dimensions(mm3)

H_Straight 1 mm (0, 0) 41.53% 100 × 100 × 24
H_Symmetric 1 mm (1.0, 1.0) 41.37% 100 × 100 × 24
H_Asymmetric 1 mm (0.8, 2.6) 41.26% 100 × 100 × 24
H1 1 mm (0.8, 2.6) 41.22% 100 × 100 × 24
H2 1 mm (0.8, 2.6) 41.21% 100 × 100 × 24
H3 1 mm (0.8, 2.6) 41.22% 100 × 100 × 24
H4 1 mm (0.8, 2.6) 41.17% 100 × 100 × 24
H5 1 mm (0.8, 2.6) 41.25% 100 × 100 × 24
multilayer ​ ​ 37.30% 100 × 100 × 90
Kelvin ​ ​ 31.78% 104.3 × 104.3 × 90
Octet ​ ​ 18.85% 101.4 × 101.4 × 85.4
DW ​ ​ 37.76% 100 × 100 × 68
DS ​ ​ 37.37% 100 × 100 × 68
DD ​ ​ 37.02% 100 × 100 × 68
SW ​ ​ 39.12% 98.9 × 104.8 × 68
SS ​ ​ 38.81% 98.9 × 104.8 × 68
D_21 ​ ​ 36.20% 100 × 100 × 112
D_12 ​ ​ 34.95% 100 × 100 × 112
D_13 ​ ​ 34.54% 100 × 100 × 112

Data Availability

Data will be made available on request.
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