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ARTICLE INFO ABSTRACT
Keywords: Stretching-dominated lattice materials are renowned for their lightweight nature and ex-
Lightweight ceptional mechanical properties. These materials, however, have historically struggled with
Mechanical metamaterials scalability towards low relative densities at which they often exhibit unstable oscillation
Energy absorption

behavior. Here, we propose a viable solution to this issue by integrating hollow truss elements
and a grid distribution into the conventional octet truss lattice. The proposed grid hollow octet
truss lattices demonstrate significant improvement over the conventional octet truss lattice, with
stiffness and specific energy absorption capacities respectively 25.8% and 98% larger. To quan-
titatively assess the stability of low relative density metamaterials, three metrics are proposed
and validated. The effect on the mechanical properties of the octet lattice of the ratio of inner to
outer radius and of the grid number are comprehensively investigated numerically. Numerical
simulations indicate that larger geometrical parameters and grid numbers significantly enhance
the stability of the octet lattice. Consequently, the proposed lattices exhibit comparable energy
absorption capacity as smooth shell lattices at equivalent relative density but demonstrate a
more stable nonlinear response, maintaining nearly constant stress levels at a relative density
of 0.1. Experimental validation supports these findings, highlighting potential for applications
to load bearing and energy absorption.

Stable plateau stress
Grid hollow structure

1. Introduction

Mechanical metamaterials offer a practical solution to address the urgent need for structural materials that are both lightweight
and possess strong mechanical properties (Tan et al., 2022b, 2023; Yang et al., 2023; Coulais et al., 2017; Wang et al., 2022; Portela
et al., 2018). Coupled with their advantageous functional characteristics, they hold promising potential for applications in acoustic
absorption (Laforge et al., 2021; Cummer et al., 2016), electromagnetic absorption (Zhao et al., 2012; Oudich et al., 2024), energy
absorption (Jiang et al., 2022; Chen et al., 2022; Hamzehei et al., 2023; Cao et al., 2020b; Li et al., 2021; Yu et al., 2024) and
reusable energy shock-absorbing capacity (Hewage et al., 2016; Lakes and Wojciechowski, 2008; Tan et al., 2019). Recent advances
in additive manufacturing techniques, such as selective laser melting and two-photon stereolithography, have enabled the precise
fabrication of intricate three-dimensional structures across scales ranging from nanometers to hundreds of millimeters (Deubel
et al., 2004; Kadic et al., 2012; Kohnen et al., 2018; Bauer et al., 2017). Notably, the mechanical properties of these metamaterials
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predominantly stem from the arrangement of their periodic unit cells rather than from the materials composing them. Consequently,
numerous structural configurations have been devised to enhance specific material properties (Tan et al., 2022a; Dudek et al., 2023;
Florijn et al., 2014; Chen et al., 2020b,a; Zhu et al., 2024).

Lattice materials, as a type of mechanical metamaterial, exhibit exceptional physical and mechanical attributes, comprising
repetitive representative cells defined by three-dimensional spatial dimensions and connectivity properties (Li et al., 2018; Liu
et al., 2021; Chen et al., 2024). Categorized based on joint connectivity, lattice materials can be topologically divided into bending
and stretching-dominated types (Deshpande et al., 2001a). Stretching-dominated lattice materials typically demonstrate superior
effective stiffness and strength compared to their bending-dominated counterparts, in direct proportion to relative density (Ashby,
2006; Cao et al., 2018, 2020a; Meza et al., 2017; Deshpande et al., 2001b), rendering them particularly well suited for lightweight
applications (Al-Ketan et al., 2018).

The octet truss lattice material stands out as the most renowned stretching-dominated variant (Latture et al., 2018; Messner et al.,
2015; Song et al., 2019). Deshpande et al. conducted pioneering investigations into its effective stiffness and strength, combining
experimental and theoretical approaches (Deshpande et al., 2001b). Subsequently, Mohr devised a specialized small-strain formula
tailored to the ideal octet truss lattice material, revealing a perpendicular plastic flow direction relative to the pressure-dependent
macroscopic yield surface (Mohr, 2005). Using numerical investigations, Tancogne-Dejean et al. (2016) observed a compression
response transition in octet lattice materials, shifting from an unstable torsional mode to a stable free buckling mode at a relative
density of about 0.3. This observation was further experimentally affirmed by Chen and Tan (2018).

In lattice materials, the predominant method for addressing nonlinear post-buckling or unstable oscillation tendencies entails
optimizing the strut cross-sections (Zhao et al., 2022), such as implementing the hollowing-out technique in solid trusses. By
incorporating hollow trusses, characterized by a higher moment of inertia, the mechanical properties of the lattice material
can be notably enhanced (Tancogne-Dejean and Mohr, 2018). Later, geometric hollow truss joints were further substituted with
hollow spheres, resulting in significantly higher strength and energy absorption capacity compared to solid octet truss lattice
materials (Bonatti and Mohr, 2017). Even with a relative density of 0.2, this structure remains stable under static pressure,
constraints, and uniaxial compression. Inspired by triply periodic minimal surfaces or guided by the minimization of bending
energy, a series of shell lattice structures were proposed to mitigate stress concentration around truss joints, thereby enhancing
mechanical properties (Bonatti and Mohr, 2019b,a; Han and Che, 2018). As an additional point, Zhang et al. successfully achieved
a notably consistent stress—strain curve with a relative density of 0.2, accomplished through meticulous optimization of the structural
configuration (Zhang et al., 2023). However, the mentioned lattices lack scalability towards low relative densities. For instance, shell
lattices with a relative density of 0.1 consistently exhibit unstable oscillation behavior (Bonatti and Mohr, 2019b). Thus, the pressing
question remains: can nonlinear stability be achieved at lower relative densities?

In this study, we propose a feasible solution to this challenge that involves integrating hollow truss elements with a grid
distribution. Through the application of the hollowing treatment to the mesh-like octet lattice, we introduce a novel class of lattice
structures that we call grid hollow octet truss (GHOT) lattice, which exhibits stable nonlinear compression response at low relative
density. We conduct a numerical investigation into the impact of inner and outer radius ratios and of grid numbers on the stiffness,
strength, specific energy absorption, and large deformation compression response of the GHOT lattice, covering a relative density
ranging from 0.05 to 0.2. Additionally, uniaxial quasi-static compression experiments are conducted on 316L stainless steel samples
to validate the numerical simulations and to showcase the superior mechanical properties and ultra-stable nonlinear compression
response compared to the conventional octet truss lattice.

2. Design and fabrication of metamaterials

To achieve a stable nonlinear response at a low relative density, meticulous optimization of the stress distribution within the
lattice material is imperative, along with the demonstration of the efficacy of the hollow grid structure to maintain stability under
large structural deformation. As depicted in Fig. 1, we integrate grids and hollow trusses, transforming solid octet truss lattice
materials into two classes of hollow grid truss lattices: the conventional hollow truss lattice (HOT) and the GHOT, with grid numbers
of 1 and 2, respectively. It is evident that the depicted truss-lattice cells exhibit cubic symmetry. For each relative density, five ratios
of inner to outer radius are considered in this work.

Herein, the hollow parameter serves as a dimensionless coefficient that quantifies the extent of change in the hollow section,
defined as

o= 6))

where R, and R, represent the outer and inner radii, respectively, of the cylindrical truss section, with each value being half of D,
and D,, respectively. The unit cell of the HOT lattice material comprises 36 cylindrical struts of length /. For a perfectly cylindrical
rod with radius R, the first-order approximation of its relative density is

peavis(2)

Given that hollowing involves removing the internal strut lattice structure from the external lattice structure, the approximate
expression for the relative density of the hollow octet truss lattice is

2
;:m/&(%) (1= a?. 3)
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Fig. 1. General strategy for designing lightweight lattice materials with superior and stable mechanical properties. GHOT is generated through the integration of
hollowing-out and grid techniques into the conventional octet truss lattice material. Notably, this design concept can be seamlessly extended to other structures
dominated by stretching or bending.

Table 1

Measured dimensions and mass of the printed samples.

Type Direction 1 Direction 2 Direction 3 a Mass Relative
(mm) (mm) (mm) (€3] density (%)

SOT 29.94 29.98 29.96 45.01 20.95
29.92 29.98 30.08 46.09 21.35

GHOT 69.99 70.28 69.97 0.58 631.21 22.92
69.97 69.94 70.29 0.61 640.10 23.26

As the relative density increases, the impact on the relative density of the intricate shape of the joint between the rods becomes
more pronounced and cannot be disregarded. A more precise estimation can be obtained by utilizing 3D computer-aided design
(CAD) software, which results in

2 3
ﬁ:Cl(%> (1—a2)—c2<%> 1-ad, @

where L is the unit cell length and the constants for the HOT lattice are C; = 53.4 and C, = 155.52. Despite GHOT featuring
an increased number of struts and a triangular lattice structure in the plane, employing the same methodology allows for fitting
the relative density with modified quadratic and cubic terms C; = 160.36 and C, = 864. The equations above serve as geometric
constraints for the ensuing numerical simulations and sample fabrication, as illustrated in Figure S1. The range of densities over
which the proposed approach is effective is detailed in the supplementary material. (See Note. S1)

We designed GHOT (« ~ 0.6) metamaterials and compared them with conventional stretching-dominated SOT metamaterials. All
samples were fabricated via selective laser melting of stainless steel 316L, employing a laser power of 200 W and a scanning speed
of 8m/s. Following production, a 20-min ultrasonic bath was administered to remove any residual 316L stainless steel powder.
Representative samples and their unit-cells are displayed in Fig. 2. Two configurations, each with a relative density of about 0.2
and comprising 5 X 5 x 5 unit cells, were examined. Two samples were prepared for each configuration to mitigate accidental
errors and to ensure the universality of the results. The fabricated geometrical dimensions are detailed in Table 1. The maximum
dimensional error between as-designed and measured samples is less than 0.4%.
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Fig. 2. Optical images of untested samples of (a) SOT and (b) GHOT, characterized by a relative density of about 0.2, that await evaluation. Zoom-in views of
the SOT (c)and (d) GHOT samples are provided.

3. Experiments

By subjecting 316L stainless steel dog-bone specimens to tensile testing, we established the constitutive relationship of the
base material for later use in our numerical simulations. The validity of the simulation results is confirmed through compression
experiments, yielding experimental data for various configurations. The experimental procedure is outlined as follows.

3.1. Characterization of the base material

To determine the mechanical properties of the 316L stainless steel substrate, three dog bone tensile specimens were fabricated in
accordance with ASTM638 standards, employing the same laser processing method used for lattice specimens. The printed dog bone
specimens underwent uniaxial tensile tests at a nominal strain rate of 1073 s~! using a 50 kN testing machine (INSTRON5569). Axial
tensile deformation was measured using a mechanically clamped extensometer. The true stress—strain curve of the tensile specimen
is depicted in Figure S3. The average elastic modulus measures approximately 150 GPa, with an offset yield stress of 520 MPa at
0.2% strain. Fracture of the base material occurs at a strain of 0.32, corresponding to a strength of 780 MPa.

3.2. Uniaxial compression testing of lattice materials

The compression response of the test sample was examined using the MTS322 tester equipped with a 500 kN load cell, operating
at a nominal strain rate of 103 s~1. During testing, the sample was positioned between polished steel plates, with a suitable preload
applied to prevent sliding, as illustrated in Figure S4. To mitigate the inherent mechanical measurement errors of the MTS322 tester,
two digital cameras were employed to monitor lateral deformation, and the load-displacement curves were subsequently rectified
using Vic-3D software. To ensure the accuracy of the measured data by the Digital Image Correlation code, samples were marked
with a speckle pattern, featuring an average radius of approximately 45 pm. Stress is calculated by dividing the compressive force
by the initial cross-sectional area of the lattice sample, while strain is determined by dividing the calibrated displacement by the
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initial height of the lattice sample. To mitigate boundary effects, following the methodology utilized by Bonatti and Mohr (2017),
the elastic modulus was determined by analyzing axial strain measurements collected from 8 reference points along the central row
of unit cells.

4. Numerical simulations

To elucidate numerically the compression behavior of GHOT lattices, three main types of simulations were conducted: (1)
Estimation of the macroscopic elastic modulus through elastic small strain analysis of uniaxial compression on the unit cell model
using the Abaqus/Standard solver; (2) Determination of the large deformation response via explicit finite strain analysis of the
unit cell under uniaxial compression using the Abaqus/Explicit solver, including the determination of yield strength with the
Abaqus/Standard solver; (3) Assessment of large deformation stability through explicit finite strain analysis of a cubic structure
composed of 27 cells under uniaxial compression using the Abaqus/Explicit solver.

Employing the commercial software Abaqus, we established a series of cell models with relative densities ranging from 0.05 to 0.2
to determine the elastic modulus and the yield strength of both HOT and GHOT materials. We employed an isotropic elasto-plastic
model with isotropic hardening behavior to characterize the mechanical properties of the base materials. For 316L stainless steel,
density is 7890 kg/m® and Poisson’s ratio is 0.3. The engineering stress—strain curve, depicted in Figure $4, offers comprehensive
insights into the mechanical behavior of the base material. Lattice materials were meshed using first-order solid units (type C3D8R),
with a minimum of 4 elements through the thickness direction for hollow trusses or 5 elements along the radius direction for solid
trusses. As an illustration, considering a relative density of 0.2, to ensure calculation accuracy the following element counts were
employed for meshing: 230 400 elements for SOT, 248 832 elements for HOT, 248 832 elements for GOT, and 238 080 elements
for GHOT, as depicted in Figure S5. In all configurations, the edge length of the unit cell remains fixed at 20 mm, while the other
geometrical parameters are adjusted based on the relative density. To streamline computations, the periodic boundary condition
(PBC) is implemented for the cell model, with linear constraint equations utilized to align points on each pair of parallel boundary
surfaces. In the case of a cubic symmetric unit cell, the linear equations for the relative boundary surface can be expressed as
follows (Li, 2008)

Wt =E I+, 5)

w; = Ex b ®)

where g;, denotes the average strain of the unit cell, x; represents the coordinate of the selected point within the unit cell, u*
denotes the periodic displacement, and the superscripts j+ and j— denote the positive and negative directions along the X axis,
respectively. The correction amount u* is applied symmetrically on the parallel opposite planes of the unit cell. Subtracting the
above two equations yields

w =T =, (0 - X)) =&, Ax). @)
The elastic modulus was determined from uniaxial compression simulations conducted at a strain of 10~4. The yield strength is

determined by the axial stress at the point where the permanent strain reaches 0.2%.
4.1. Large deformation compression simulation

To investigate further the potential nonlinear buckling behavior of lattice materials at low relative densities, cubic symmetric
configurations composed of 3 x 3 x 3 unit cells were generated with relative densities of 0.05, 0.1, 0.15, and 0.2. To ensure
computational accuracy, the numerical model included at least 3 million solid elements. The numerical models were positioned
between two analytically rigid surfaces, as illustrated in Figure S5b. Through explicit dynamic simulation, a self-contact constraint
with a friction coefficient of 0.2 is applied in the model. The bottom plate remains fixed while the top plate is gradually lowered,
compacting the sample by 50%. The loading speed is carefully chosen to ensure that the ratio of kinetic energy to internal energy
remains below 1%.

5. Results and discussion
5.1. Stiffness and strength

Fig. 3a illustrates the impact of the inner to outer radius ratio and of the relative density on the relative modulus of GOT and
GHOT materials. For all configurations, the relative modulus increases with both the relative density and the inner to outer radius
ratio. Notably, when « is below 0.45, GOT and GHOT exhibit nearly identical relative modulus values. At « = 0.6, the relative
modulus of GOT and GHOT is primarily determined by the relative density. Specifically, configurations HOT and GHOT are chosen
for comparison with the conventional SOT lattice. When the relative density exceeds 0.05, the power index of the elastic modulus
for all configurations surpasses 1, with this trend becoming more pronounced as the inner and outer radius ratio increases. HOT
demonstrates slightly greater stiffness than GHOT at low relative density, whereas the opposite holds true at high relative density.
At a relative density of 0.2, the relative modulus of GHOT material is approximately 0.0466, representing a nearly 25.8% increase
compared to the SOT material. Similarly, the relative modulus of a HOT material is about 0.0446, which is approximately 20.3%



P. Zhang et al.

a
0.057

0.04

Relative elastic modulus

=0

-

—=

0.00 0.15

0.30

0.45

Inner to outer radius ratio,a

0.60

Journal of the Mechanics and Physics of Solids 197 (2025) 106068

g g
=3 =3
i oy
T

Relative elastic modulus
g

0.0
0.00

o

0.05

0.10

0.15

Relative density, p

0.20

0.08

5
=3
e
=3
=
T

5
=3

o
i
@
Relative yield strength
=] =)
S (=)
[\ B

Relative yield strength
o =)
S S

0.01 - L > 0.0 . . .
0.00 0.15 030 0.45 0.60 0.00 0.05 0.10 0.15 0.20
Inner to outer radius ratio,o Relative density, p
—$5=005 —p=010 — p=015 —p=020 - - —— —
e m Vv A oo v A SOT HOT (0=0.6)  GHOT (0:=0.6)
GHOT HOT

Fig. 3. (a) Evolution of the relative elastic modulus for configuration GOT and GHOT as a function of the inner to outer radius ratio. (b) Changes in the relative
elastic modulus for the SOT, HOT and GHOT configurations, plotted against the relative density. (c) Trend of relative yield strength variations for GOT and
GHOT in relation to the inner to outer radius ratio. (d) Comparison of the relative yield strength among GHOT, HOT, and SOT lattice materials. Relative elastic
modulus means the ratio of the elastic modulus of the lattice to the base material, which is used to eliminate the influence of the base material on the lattice.
A similar definition applies to the relative yield strength.

more than a conventional SOT material. This observation arises from the combined effects of the grid structure and of the hollow
structure, where the outer radius of the GHOT is 113% higher than that of the GOT.

Fig. 3c illustrates the variations of the relative yield strength for configurations GOT and GHOT as a function of the inner to
outer radius ratio. For all relative densities, the relative strength of GHOT consistently surpasses that of HOT for the same inner to
outer radius ratio, owing to the deformation mechanism of the grid structure. At low and medium relative densities, the hollowing
treatment significantly enhances the resistance of lattice structures to both linear and nonlinear buckling by extending plastic strain
before the initial peak stress, thereby softening the plastic compression response of lattice structures. However, the enhancement
from the grid structure is limited and cannot fully compensate for the effect of the hollowing treatment. Consequently, the relative
yield strength exhibits a slight downward trend with increasing inner to outer radius ratio.

5.2. Large deformation simulation

The stress—strain curves and deformation sequences of lattice materials with relative densities 0.05, 0.1, 0.15, and 0.2, obtained
through multi-cell simulation, are presented in Figs. 4-6. All lattices exhibit a similar linear behavior in the elastic region. The
subsequent nonlinear region of the compression response strongly correlates with the inner and outer radius ratio as well as with
the relative density.

Nonlinear buckling failure dominates at low relative densities. Specifically, at a relative density of 0.05, all HOT and GHOT
lattices demonstrate an initial peak stress, followed by buckling oscillations and collapse in a layer-by-layer manner. It is evident
that GHOT lattices with larger « and grid numbers exhibit buckling oscillations with reduced damping and longer periods. As
depicted in Fig. 4b, unlike other lattices, the GHOT lattice (@ = 0.6) shows a notably uniform deformation pattern, albeit local
buckling occurring around the middle part. This results in a higher peak stress and a relatively stable curve when the applied strain
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Fig. 4. Numerical simulation results for multi-cell structures with a relative density of 0.05: (a, b) Uniaxial stress—strain curves of HOT and GHOT lattices under
uniaxial compression. (c) Selected stress deformation patterns with stress contour for SOT, HOT, GOT (« = 0.6) and GHOT (a = 0.6).

falls between 0.15 and 0.3. This observation also highlights the influence of both grid structure and hollow architecture on the
stability of the stress—strain curve at low relative density, that becomes more pronounced at 0.1 relative density.

At a relative density of 0.1, the deformation mode of the SOT remains unchanged. Each layer collapse is accompanied by a rapid
decrease in stress value (See Figure S6). Conversely, the HOT structure, despite exhibiting the same failure mode of laminar collapse,
presents a distinctly different compression response. This disparity arises from the increased pole moment of inertia of the strut due
to the hollow member, ensuring uniform deformation across the structure for overall load bearing. Consequently, even with the
same failure mode, the stress value stabilizes relatively. Additionally, in GOT and GHOT lattices, large deformation leads to the
emergence of an X-shaped stress concentration shear band. The incorporation of grid and hollow structures in GHOT lattice fosters
more uniform deformation, resulting in a stress—strain curve with a hardening slope close to zero — a characteristic not typically
observed in other stretching-dominated truss, shell, and plate lattices.

At relative densities of 0.15 and 0.2, the SOT lattice continues to exhibit noticeable oscillations (See Figs. 5, 6 and S7). As the
inner and outer radius ratio increases, the oscillation amplitude decreases. When this ratio reaches 0.60, the stress—strain curve of
the HOT lattice at both relative densities exhibits a slight oscillatory behavior, with a non-zero hardening slope. Similarly, the GOT
lattice shows no significant buckling oscillation at a relative density of 0.2, presenting a large deformation response akin to a stress
platform. Likewise, the stress hardening slope of the GHOT lattice with an inner to outer radius ratio between 0 and 0.6 approaches
zero. Notably, the stress amplitudes consistently surpass those of the HOT lattice at equivalent relative densities, with deformation
across all GHOT configurations exhibiting uniformity.
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Fig. 5. Numerical simulation results of multi-cell structures with a relative density of 0.1 and 0.15: (a—d) Uniaxial stress—strain curves of HOT and GHOT lattices
under uniaxial compression.

To delve into the underlying deformation mechanisms and to investigate the impact of grid and hollow structures on stress
stability during compression, we conducted a series of additional quasi-static simulations on unit cell models of SOT, HOT, GOT, and
GHOT lattices. For the relative densities considered in this paper (p < 0.2), the overall bearing capacity of the SOT lattice decreases
due to the buckling (either elastically or plastically) of the struts in a layer-by-layer fashion (See Figs. S8 and S9). This buckling
behavior of the struts prevents the lattice from functioning stably as a support. Moreover, due to the pillar buckling phenomenon,
the other struts in the same layer are less able to bear the load, leading to further buckling and the formation of a buckling layer.
This buckling behavior compromises the lattice’s ability to function stably as a support. Furthermore, due to the pillar buckling
phenomenon, the remaining struts in the same layer are less capable of bearing the load, resulting in additional buckling and the
formation of a buckling layer. Interestingly, an asymmetric twisting buckling mode was identified at low relative densities through
unit cell simulations in Tancogne’s study (Tancogne-Dejean et al., 2016), which appears to contradict our results (See Fig. S8). This
discrepancy arises because imperfections were introduced into the reduced numerical model. However, the potential imperfections
or flaws induced during fabrication remain uncertain and cannot be identified prior to a compression test. In the absence of such
defects, a symmetric layer-by-layer buckling mode is observed (as shown in Fig. S8b), consistent with the multi-cell simulation
results. This behavior is further confirmed by the interlaminar collapse phenomenon observed in the multi-cell simulations of both
Tancogne’s work (Tancogne-Dejean et al., 2016) and this manuscript (see Figs. S10). This scenario inevitably results in a reduction
of the compressive response and effectively explain the failure mechanism associated with the low aspect ratio of the struts (r//).
The buckling oscillation in the compression response gradually diminishes as the relative density increases (See Figs. 4-6).

Similarly, the elastic or plastic buckling of the struts results in the failure of the GOT lattices. After a relatively stable global
deformation, GOT lattices experience localized layer collapse. This collapse behavior should be more serious due to their slender
struts. Interestingly, the deformations of GOT lattices appear more uniform compared to those of SOT lattices. This can be attributed
to the grid working mechanism, which confines the crushing collapse behavior to specific layers of the grid structure, progressing in
multiple stages (See Figs. S9, S11-S13). This staged collapse reduces the stress levels associated with inter-layer failure, resulting in
a more stable stress response. Additionally, the localized effects of buckling dissipate quickly due to subsequent densification within
the affected layers. In other words, the integration of the grid structure enhances stress distribution across layers while maintaining
the performance of individual layers. By introducing the grid working mechanism, the overall load-bearing capacity of the octet
lattice is significantly improved.

It is evident that HOT lattices also experience significantly reduced layer-by-layer collapse failure caused by the buckling of
hollow struts, in contrast to SOT and GOT lattices (See Figs. S9, S11-S12). The enhanced buckling resistance of HOT lattices stems
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from their hollow struts, that boast larger inertia moments. A sufficiently large outer radius of the truss expedites the densification
stage while maintaining ample resistance against truss buckling and instability, thereby rapidly bolstering structural stiffness.
However, even for an inner and outer radius ratio of 0.6, the HOT lattice still succumbs to interlayer collapse at a relative density
of 0.2 (See Fig. 6). In contrast, the GHOT lattice, formed by integrating hollow struts with grid distribution, showcases uniform
deformation without interlayer collapse at a relative density no less than 0.1 under significant deformation. Unsurprisingly, at low
relative densities, strut buckling dominates the failure of the GHOT lattice. Interestingly, the grid network distribution confines
buckling to a specific layer, while the hollow treatment ensures the stiffness of other layers. The subsequent self-contact of the
struts enhances the compression response, making it smoother than in other lattices. As the relative density increases to 0.1, the
coupling mechanism strengthens the struts, enabling them to resist buckling. The failure mechanism of the GHOT lattice shifts
from interlayer collapse to overall deformation and densification, stabilizing the structure’s bearing capacity due to changes in the
deformation regulation and failure mechanism. Such commendable stable nonlinear response positions it as a promising material
for energy absorption and load bearing applications.

To further substantiate our perspective, we compare the deformation mechanisms and performance of our lattices with other
strategies for creating architected materials exhibiting delocalized plastic deformations, such as nanoscale tubes (Schaedler et al.,
2011; Zheng et al.,, 2014), disordered structures (Hooshmand-Ahoor et al., 2024, 2022; Tarantino et al., 2019), sequential
buckling (Frenzel et al., 2016; Liu et al., 2024), and plate-and-shell designs (Tancogne-Dejean et al., 2018; Guell Izard et al.,
2019). Nanoscale lattice (Schaedler et al., 2011) demonstrates exceptional mechanical performance at very low wall thickness
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ratios, which aligns with our findings: thinner wall thicknesses at the same relative density enhance mechanical properties during
large deformation. However, despite their thin walls, rapid collapse occurs due to truss buckling during the compression of hollow
truss members, leading to a significant loss of stability during large deformation stages (Figs.S14a and c). This highlights that
improving mechanical properties solely through thinner walls, without modifying the structural design, compromises the stability
of the stress-strain curve and increases the complexity of the fabrication process. Additionally, the Ashby plot (Zheng et al., 2014)
shows that micro- and macro-scale octet lattices exhibit similar mechanical properties at the same relative density (0.1) (Fig. S14b),
indicating a minimal size effect for such structures. When stiffness and strength are comparable, the GHOT lattice offers superior
stress stability during large deformation. For disordered structures (Hooshmand-Ahoor et al., 2024, 2022; Tarantino et al., 2019),
their elastic modulus and yield strength slightly surpass those of the GHOT lattice. However, these disordered structures primarily
fail through fracture zones extending across the entire specimen (in 2D structures, see Fig. S15c) and plastic localization in non-
connected regions (in 3D structures, see Fig. S15d). During large deformation, their unique design results in relatively weak uniform
deformation behavior under uniaxial compression (see Fig. S15). This leads to stress oscillations and a reduction in load-bearing
capacity during the large deformation stage. Moreover, the optimal application range for disordered structures is within medium
relative densities. At low relative densities, fabricating disordered structures becomes increasingly difficult (see Fig. S15b). Different
from other lattices, sequential buckling structures (Frenzel et al., 2016; Liu et al., 2024) take advantage of buckling behavior for
enegy absorption. For sequentially buckling structures, there are significant stress oscillations as strain increases (as shown in Fig.
S16a), which severely hinder the energy absorption performance of the structure. Specifically, the “embrace buckling” concept in
these structures leads to overall instability, primarily caused by excessive plastic strain at the weakly connected points (as shown
in Fig. S16b), which results in a decline in mechanical properties. Consequently, sequential buckling structures exhibit significantly
weaker mechanical properties, such as elastic modulus, yield strength, and specific energy absorption, compared to GHOT lattices (as
shown in Fig. S16c). Plate and shell lattices are structures that effectively combine strength and stiffness at medium and high relative
densities (Tancogne-Dejean et al., 2018; Guell Izard et al., 2019; Tancogne-Dejean et al., 2019). However, at low relative densities,
during the large deformation stage, the mechanical behavior of both plate and shell lattices is significantly constrained by phenomena
such as plate buckling and shell buckling (see Fig. S17). For instance, the plate lattice (Tancogne-Dejean et al., 2019) exhibits
considerable stress oscillations (due to thin wall plate buckling) even at a relatively high density of 0.22, leading to a significant
decline in mechanical performance during large deformation. Worse still, as the relative density decreases, plate lattices experience
more pronounced oscillations during the nonlinear stage, with a nonlinear decrease in specific energy absorption. Consequently,
while plate lattices are stiffer and stronger than GHOT lattices, they exhibit poorer specific energy absorption and mechanical
properties during large deformation (see Fig. S17c¢). The shell lattice (Guell Izard et al., 2019), constructed from brittle-like materials,
transitions to a ‘“brittle fracture” failure mode when the relative density exceeds 0.25. At lower relative densities, its failure
mechanism shifts to a “layer-by-layer” mode. To isolate the influence of the base material, the normalized strength is compared. At a
relative density of 0.15, the plateau stress of the shell lattice is only 0.0132 times the yield strength of the base material. In contrast,
the GHOT lattice achieves a plateau stress that is 0.064 times the yield strength of the base material at the same relative density.
Additionally, the shell lattice proposed in Guell Izard et al. (2019) continues to exhibit significant deformation oscillations—an issue
commonly encountered by plate and shell lattices at low relative densities. Through a comprehensive comparison of the four design
methods discussed above, we have found that each approach embodies its own unique design philosophy. However, in terms of
stress stability during the large deformation stage, our design philosophy outperforms the others.

5.3. Specific energy absorption

For lattice materials, specific energy absorption (SEA) quantifies the mechanical work (per unit mass) required to deform a
material to 50% strain under a uniaxial load.

_/00,5 ode
p

SEA = ®

The progression of SEA concerning relative density is depicted in Fig. 7. Notably, SEA for all configurations exhibits a
monotonically increasing trend with the inner to outer radius ratio and the grid number. Additionally, SEA correlates positively with
relative density, indicating that a higher mass of the base material enhances specific energy absorption capacity. Results indicate
that a larger inner to outer radius ratio and grid number not only reduce nonlinear post-buckling response but also augment the SEA
of the octet truss lattice. Particularly noteworthy, among all relative densities explored, the GHOT lattice with a« = 0.6 demonstrates
the most stable nonlinear response, leading to the highest strain energy absorption, surpassing SOT lattice materials under identical
relative densities by factors of 98%, 52%, 35%, and 36%, respectively. This can be attributed to the robust resistance against buckling
provided by the hollow truss, that is particularly prominent at low relative densities. Subsequent integration of grid lattice structures
further enhances and stabilizes resistance against extensive deformation during compression.

5.4. Evaluation of nonlinear stability for lattice materials

The compressive stress—strain curve of lattice materials typically manifests in three distinct stages: the initial elastic region, a
substantial plastic deformation stage, and a final densification phase. As energy-absorbing materials, particular emphasis is placed on
the plastic large deformation stage. The nonlinear response of the lattice can be categorized into either enhanced-type or fluctuated-

type, each with ideal representative curves (see Fig. 8a). For energy-absorbing applications, the enhanced-type is more desirable.
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However, at low relative density, local or global buckling behavior predominantly governs the deformation of the lattice materials.
Consequently, the compressive stress—strain curve primarily reflects the fluctuated type, which constitutes the primary disparity in
energy absorption. To quantitatively assess the stability of low relative density metamaterials, three metrics are proposed herein.
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(i) Average Plateau Stress Ratio (f) — This metric serves two purposes. Firstly, it distinguishes between enhanced-type and
fluctuated-type stress curves, sine theoretically the curve is enhanced when f > 1. Secondly, it reflects data dispersion to some
extent. The ratio g, defined as the average stress to the initial peak stress, is used to evaluate nonlinear stability. When the ratio is
close to 1, the stress plateau is more pronounced. By definition,

f= e ©
Opeak
with
5. = ZumilEns = e ¥ o) 10
2(e, — €1)
where o,,. denotes the average stress of the plateau, o, signifies the initial peak stress, and » represents the number of points on

the stress—strain curve.
(ii) Improved Standard Deviation (§) — This metric reflects the discrete relationship between the true stress values and the average
stress value. When 6 tends to 0, the degree of data dispersion is minimized. By definition,

(1)

The above two evaluation criteria both reflect the degree of data dispersion, indicating the extent of stress value variation.
However, they do not adequately account for the fluctuation degree of the curve, specifically ignoring the influence of strain in the
curve.

(iii) Fluctuation Coefficient (y) — Given the challenge of achieving sustained stress increase in the plateau area under low relative
density conditions, a volatility-based formula is employed to assess curve stability (as elaborated in this paper, the fluctuation
coefficient is calculated when g < 1.02, with a set 2% deviation). When the fluctuation coefficient is close to 0, the stress curve is

deemed highly stable. By definition,
o —e, 5l
1=1—[1—2<M e >]ﬁ 12)
n=1 & & |A_Z|max
where |%|,, is the absolute slope between two adjacent points, and |%|max represents the maximum gradient between any two
adjacent points across all curves of the same relative density being compared, as illustrated in Fig. 8b.

Fig. 8c,d illustrates the fluctuation of the stress—strain curve for HOT and GHOT lattices using three different normalized
parameters. It is evident that as relative density increases, # of the curve increases while y decreases, indicating that the curve
tends to become more stable. Additionally, the fluctuation of the curve stabilizes with increasing inner-to-outer diameter ratios or
grid numbers, aligning with the intuitive behavior observed in the stress—strain curves shown in Figs. 4-6. For the GHOT lattice,
when the relative density is 0.1 and the inner-to-outer diameter ratio is 0.6, the average plateau stress ratio of the GHOT lattice is
approximately 1, reaching the optimal value of the fluctuated-type curve. Additionally, y is only 0.05, approximately 1/10 of that of
the SOT lattice. Notably, when the relative density exceeds 0.1, increasing the geometrical ratio can result in the over-stabilization
of the GHOT lattice (see Figure S18). Specifically, at a relative density of 0.15, the GHOT lattice with a« = 0.6 transitions from a
fluctuated-type to an enhanced-type. At a relative density of 0.2, more GHOT lattices undergo this transformation, while the HOT
lattice remains in a fluctuating state, albeit the & = 0.6 variant being more stable than the solid grid lattice. These results suggest
that at low relative densities, not only does the mechanical failure mode change, leading to improved performance of the original
structure in the nonlinear stage, but the changes in the stability of the hollow grid structure also contribute to enhancing the bearing
efficiency. Upon reaching medium relative densities, the GHOT lattice shifts from fluctuated-type to enhanced-type, addressing the
issue of reduced truss structure carrying capacity due to stress fluctuations.

To further confirm that our design strategy effectively stabilizes the stress curve in the region of low relative density, we compared
it with other lattices at the same relative density (p = 0.1), as shown in Fig. 9. The §—§ and y—§ curves are used to assess the stability
of the stress curve, with ideal stable points at coordinates (1,0) and (0, 0), respectively. It is observed that the fluctuation coefficient
changes significantly even when the average stress and the improved standard deviation are similar across different lattices (see the
enlarged portion in Fig. 9a). This highlights the inadequacy of evaluating stability using only one or two parameters. Among all
the compared lattices, the GHOT lattice is closest to the two optimal stable points and performs better in all three parameters used
to assess stability. This indicates that the GHOT lattice exhibits superior stability compared to the other lattices at a 0.1 relative
density. The addition of a grid hollow structure significantly enhances the stability of the compressive response compared to plate
and shell lattices, contributing to improved energy absorption efficiency at low relative densities.

5.5. Comparison between experiment and simulation

Fig. 10 summarizes the compressive stress—strain curves of different specimens along with the corresponding deformation frames.
Solid lines represent the experimental results, while dashed lines represent the simulation predictions. The experimental results agree
well with the numerical results in terms of elastic modulus, yield strength, and SE A5, (the energy absorbed by 50% compression
deformation), despite the actual sample consists of 5 x 5 x 5 cells whereas only 3 x 3 x 3 cells are considered in the simulation.
The numerical simulation successfully captures the deformation mechanism and buckling oscillations observed in the SOT lattice

12



P. Zhang et al.

Journal of the Mechanics and Physics of Solids 197 (2025) 106068

a b
o 1.0 <, 0.4 ===
S "> This work = i \ ]
= 9 io:zn ° “
] Optimal stable point .§ ioz)s ® A *
v 0.9F 2 0.3 i !
4 5 bl |
Yt ~
7] % * ) R
=] . [ | < S~
= 0.8F e S 02F
g o Gy g A
< e s .
a - ; k7 This work A
. , -
o 07k"a & /D S 01} f A
%0 0.78 /I * > D
5 / 8
4 s ’/ @) g _*'/—-P Optimal stable point
< 0 6 .12 0.14 0.16 0.18 0.20 . . 0 O . . .
0.0 0.1 0.2 0.3 0.4 — 0.0 0.2 0.4 0.6 0.8
Improved standard deviation,d Fluctuation coefficient,y
, KGHOT Y HOT AN [ isovs  Q TTmss A SC-Shell
B RD Platel & ot o 5 ANL269 [l 1SO TPMS(S®) ® Q-Truss A BCC-Shell

€D H-Truss* A FCC-Shell*)

Fig. 9. Comparison of the proposed GHOT lattice with other conventional bending-dominated and stretching-dominated truss and shell lattices in terms of

nonlinear stability (Chen et al., 2024; Bonatti and Mohr, 2019b,a; Li et al., 2020; Duan et al., 2020).
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Fig. 10. (a) Uniaxial compression response of GHOT and SOT lattices at relative densities of about 0.2 obtained from simulations and experiments. (b) A direct
comparison between SOT and GHOT lattices regarding Young’s modulus, yield strength and SEA. (c) Deformation frames of SOT and GHOT lattices under selected
uniaxial strains.

during experiment. Furthermore, it accurately predicts the enhanced nonlinear response and uniform deformation mechanism of the
GHOT lattice, which also is confirmed by experiment. This comparison underscores the efficacy of our design strategy, integrating
hollow truss elements with a grid distribution, in tailoring stability and enhancing energy absorption capabilities.

13



P. Zhang et al. Journal of the Mechanics and Physics of Solids 197 (2025) 106068

20

Our experiment :

* GHOT lattice ™ Face centered Cublf) FCC latticel®]
(M Body centered cubic

Y& SOT lattice (Shell lattice)4!

10 -:rGrid Hollow Octet Truss lattice |
1 (This work) !

(from truss to shell)

-

Solid Octet Truss!*4] Triangular prism  Grid octet truss

lattice [64] \lattice[”]
1 |
\74

Specific energy absorption(J/g)

=]
ul T
>
B v'g
m Quadrangular prism truss!®4
\Rhombic truss latticel33] .
dificati Hexagonal prism
(modification) truss!64]
1 L 1 1
0.05 0.10 0.15 0.20 0.25
Relative density

Fig. 11. Ashby charts of specific energy absorption for the proposed structure and other energy-absorbing structures with respect to relative density (Cao et al.,
2018; Tancogne-Dejean et al., 2016; Bonatti and Mohr, 2017, 2019b; Zhang et al., 2023; Li et al., 2020).

To further assess the role of the GHOT lattice within the family of energy-absorbing materials, we compared it with other
well-known truss, tubular, and shell structures that are dependent on relative density, as shown in Fig. 11. It is evident that the
proposed GHOT lattices demonstrate excellent energy absorption efficiency at low and medium relative densities, showing similar
SEA values but exhibiting more stable nonlinear responses compared to shell lattices, and surpassing other lattice structures. This
superior performance can be attributed to the robust resistance against local and global buckling provided by the integration of
hollow trusses and grid distribution, particularly at low relative densities. The tailored stability, combined with high mechanical
properties, makes the GHOT lattice a promising candidate for applications in load bearing and energy absorption.

6. Conclusion

Here, we have presented a new class of grid hollow octet truss lattice, achieved by integrating a grid distribution and truss
elements into the conventional octet lattice structure, for stability regulation and energy absorption, especially at low relative
density. The effective mechanical properties of GOT and GHOT materials have been thoroughly investigated numerically. These
properties scale slightly non linearly with relative density and grid number. Specially, the relative elastic modulus and SEA increase
with the ratio of inner to outer radius, while the relative yield strength decreases. For instance, at a relative density of 0.2, the
relative stiffness of the GHOT lattice (« = 0.6) is 1.25 times that of the SOT lattice. At a relative density of 0.05, the SEA of the
GHOT lattice (@ = 0.6) is 1.98 times that of the SOT lattice.

The impact of the ratio of inner to outer radius and grid number on the nonlinear response and deformation mechanism of
the octet lattice was comprehensively investigated numerically. Three metrics were proposed to quantitatively assess the stability
of low relative density metamaterials. Numerical results indicate that larger « and grid numbers can enhance the stability of the
octet lattice by reducing damping tendencies and increasing buckling oscillation periods, particularly at low relative densities. As
the relative density increases to 0.1, the integration of grid and hollow structures in the GHOT lattice promotes more uniform
deformation, resulting in a stress—strain curve with a nearly zero hardening slope, a characteristic not typically observed in other
stretching-dominated truss, shell, and plate lattices. Importantly, GHOT lattices exhibit similar energy absorption capacity but more
stable nonlinear responses compared to smooth shell lattices at the same relative density. These findings have been validated through
experimental investigation. The tailored stability, combined with high mechanical properties, makes the GHOT lattice a promising
candidate for applications in load bearing and energy absorption.
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