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A B S T R A C T

Materials and structures featuring a combination of high stiffness, strength, and energy absorption are
highly demanded. Current studies are focused on the improvement of these mechanical properties without
considering their directional dependence. In practice, directional-dependent mechanical properties are crucial
to structural integrity and performance, for instance, in the application of anisotropic bone scaffolds for load
bearing and battery separators for ion conductivity. Recently, tunable anisotropic stiffness in mechanical
metamaterials has been obtained by tailoring the microstructures using data-driven approaches. However,
energy absorption behavior, which plays a critical role in the presence of large deformation, has largely been
neglected. In this work, we propose a new type of elastically anisotropic architected metamaterials (AAMs)
inspired by the current lithium-ion battery separator porous microstructure to acquire tunable anisotropy while
exhibiting superior energy absorption. The integrated study presented herein, which combines an experimental
investigation with numerical simulations, reveals that the anisotropy can be engineered across a broad range.
Compared with two existing lattice and shell-based architected materials, it is shown that the energy absorption
of the newly developed AAMs is increased by 120% and 13%. The findings in this work provide a new
strategy to expand the existing metamaterial design space, with the potential to enable innovative solutions
for applications where directional-dependent stiffness and energy absorption are needed.
1. Introduction

Materials and structures featuring a combination of stiffness,
strength, and energy absorption are needed for applications where
extreme loading conditions occur. Conventional designed and manu-
factured structures have reached a bottleneck and failed to meet the
growing requirements in some such circumstances. The advancement
of additive manufacturing has provided a new route to produce en-
gineered materials with highly tailored material architectures. These
architected metamaterials have demonstrated unprecedented mechani-
cal properties. For example, architected materials with lattice topology
manufactured by projection micro-stereolithography show nearly linear
scaling between stiffness and density [1] and overcome the imped-
iment of degradation in mechanical properties as density decreases.
Plate-nanolattices fabricated via two-photo lithography are reported to
reach the Hashin–Shtrikman and Suquet upper bounds, demonstrating
unparalleled specific strength that surpasses that of bulk diamonds [2].
Shellular structures [3] have also been designed with superior strengths
that are close to the theoretical limits. Furthermore, enlightened by
the unique behavior of a bistable elastic tilt-beam, a multi-stable archi-
tected material has been proposed, enabling the elastic strain energy to
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be efficiently trapped and offering a new strategy to design structures
with enhanced energy absorption [4]. In addition, multi-stiffness meta-
materials featuring with zero Poisson’s ratio was designed, the tunable
deformation behavior enables them to be good candidate for energy
absorbers [5,6]. Novel auxetic metamaterials have demonstrated excel-
lent energy absorption while maintaining auxetic characteristics [7,8].
By leveraging the synergistic interaction between the structural energy
trapping provided by a tilted plate and the inherent material dissipation
associated with liquid crystal elastomers, novel rate-dependent energy
absorption behavior has been observed [9].

Apart from the abovementioned rationally designed architected
materials, nature has provided a rich source of inspiration for fresh
designs. For example, a sea sponge-inspired lattice design was found
to provide a superior mechanism for withstanding loads before the
onset of buckling for a wide range of loading conditions, and the
corresponding optimization efforts showed that the architecture of the
sponge skeleton is nearly identical to the optimal lattice design, offering
the highest critical stress under uniaxial compression [10]. Inspired
by the dactyl club from the mantis shrimp, a nanoparticle-coated co-
continuous composite has been shown to significantly improve the
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energy dissipation behavior by pulverizing the primary particles into
smaller fractured secondary grains when a high-strain-rate impact oc-
curs [11]. Utilization of biologically inspired composites can not only
reduce the energy formation of the coating particles but also set a low
barrier to fracture, which enables large, localized energy absorption.
Other nature-inspired structures also provide valuable design concepts
to achieve outstanding mechanical properties [12,13]. Although the
architected materials from both rational design and bio-inspired de-
sign have achieved exceptional mechanical performance, the aforemen-
tioned works are largely focused on isotropic materials, neglecting the
potential benefits of directional dependent mechanical properties.

Anisotropy, which refers to material behavior in which reactions
are different to stresses applied in different directions, is ubiquitous
in nature and engineering materials. One major application of the
anisotropic feature is to reinforce the mechanical properties along
prime directions, given that the applied strain/stress conditions are
rarely equiaxed in practice [14]. For example, the multiscale hierar-
chical structure of wood, consisting of aligned cellulose nanofibrils and
a complex porous microstructure in the growing direction, has been ex-
tensively studied [15]. Such hierarchical anisotropic structures, and the
organization of the organic phases at the nanoscale, offer a unique com-
bination of exceptional mechanical properties to resist external load
and biological functions such as the absorption of nutrients [16]. Corti-
cal bone is characterized by unidirectional mineralized collagen fibrils
in a non-collagenous matrix within each lamella of osteons, which
are further assembled along the bone’s length direction [14]. These
microstructural features determine the directional-dependent mechan-
ical properties of cortical bone. Essentially, the specific topology is
optimized for the long-term complex mechanical environment, which
demands optimal strength and load transmission in the main load-
bearing direction, while simultaneously keeping the bone mass as low
as possible [17]. In lithium-ion batteries, the crucial component of
the separator is characterized by a strong anisotropy [18–22] due to
the oriented reinforcement fibers [23]. A four-fold difference in the
stiffness, and a nearly ten-fold difference in failure stress, have been
observed in the separator between the machine direction (MD) and
transverse direction (TD) [23]. While the current commercial sepa-
rators are manufactured with stochastic microstructures, separators
with uniform morphologies and tight pore size distributions are highly
desirable [24].

The development of architected materials with anisotropy is still
in its infancy, with a few studies reported in the literature. For ex-
ample, inspired by the natural self-assembly process via spinodal de-
composition, tunable elastic anisotropy has been demonstrated in a
new class of nano-labyrinthine materials. These employ self-assembled
double-curvature shell architectures and strong nanoscale effects [25].
Furthermore, by leveraging a robust machine learning technique to
train the spinodal topologies, tailored directional-dependent stiffness
was obtained [26]. Recently, by combining the tunable anisotropy of
spinodal architected materials with multiscale topology optimization,
an optimized macroscale structure, with free-varying orientation and
porosity, has been fabricated that can be used in supporting directional-
dependent mechanical demands [27]. As an attempt to design compat-
ible bone implants, four types of lattice structures were investigated
systematically, and the relationship between the anisotropy coefficient
and geometric parameters was mapped [17]. Representative topolo-
gies of six cellular structures were studied, and it was shown that
only this anisotropic material can achieve stiffnesses in excess of the
Hashin–Shtrikman upper bound [28]. Interestingly, this work also re-
vealed that the anisotropy of the combination of cubic and octet
foam can be tailored by adjusting the ratio of the wall thicknesses.
Although the aforementioned studies provide an avenue to achieve
tunable anisotropy, these works are focused on the directional de-
pendent elastic properties, i.e., stiffness. The studies of mechanical
performance of anisotropic materials under large deformations, such
as those associated with energy absorption, are quite limited.
2

In this work, we develop a simple new type of anisotropic archi-
tected metamaterials (AAMs) by taking inspiration from the shape of
the voids within the lithium-ion battery separators, as shown in Figure
S1. We use the ellipsoidal shell to represent the lamellae and beam
connectors to denote the fibers. It should be pointed out that this design
is enlightened by the anisotropy of commercial battery separators, and
uniform morphological separator design (compared to the stochastic
feature of commercial separators) as required for batteries [29] can
be obtained by this AAM. However, how the different anisotropy will
affect the separators in battery applications is not the scope of this
study. This AAM consists of ellipsoidal shells and beams. We have
previously shown that this type of metamaterial exhibits enhanced
energy absorption [29] and remarkable vibration mitigation proper-
ties [30,31]. Here, we study the anisotropic features and mechanical
performance of AAMs under large deformation by altering the ratio of
the major axis and minor axis of ellipsoidal shells. We first benchmark
the mechanical performance of AAMs under large deformation, fol-
lowed by the finite element analysis (FEA) of the directional dependent
elastic stiffness by applying periodic boundary conditions (PBC), along
with experimental validation. Finally, we show that the developed
AAMs display superior energy absorption behavior in comparison to
existing architected materials.

2. Materials and methods

2.1. Anisotropic architected metamaterial design

Different from many of the currently studied mechanical metamate-
rials that are characterized by cubic symmetry (Fig. 1(a)), we designed
an ellipsoidal mechanical metamaterial with tetragonal symmetry, as
shown in Fig. 1(b), (c), (d). The different symmetrical systems are
shown in Figure S2 and the mechanical properties corresponding to
different symmetrical systems are detailed in the SI. The Representative
Volume Element (RVE) is shown in Fig. 1(e). It consists of a perforated
shell component (Fig. 1(e)) and a binder component (Fig. 1(e)). The
shell component is designed by specifying the major axis a and minor
axis b of an ellipse and then rotating about the major axis (Fig. 1(e)).
r is the radius of the perforation, and t denotes the thickness of the
shell. The shell perforation is mainly for the 3D printing purposes, as
the closed shell will contain extra material powder inside which is
unable to remove. All the perforations were drilled along the diagonal
direction in RVE. The binder component, which consists of the same
base material as the shell, is characterized by the fillet radius R, cross-
section diameter d, and mid-axis length s. The procedure of creating the
binder is that: (1) we draw a curved line with radius of R, its distance
to main axis is set to d; (2) rotate this line 360t̊o get the surface; (3) use
the boolean difference command in Rhino software to create the binder
structure. In the designs considered, r/a=1/6, t/a=1/12, s/a=1/12,
d/a=1/4, and R/a=5/6. For all of the AAM designs, the major axis a is
fixed to 𝑎 = 25 mm, and the minor axis b is varied to obtain different
configurations. The as-manufactured AAMs consist of 3 × 3 × 3 RVEs.
Fig. 1(f)–(i) show the 3D printed samples corresponding to the designs
with a/𝑏 = 1, a/𝑏 = 1.2, a/𝑏 = 1.5, and a/𝑏 = 2, respectively. It should
be noted that because the shell thickness in this design is kept the
same, the relative densities of four different configurations in Fig. 1(a)
are different. The relative densities are 13.25%, 12.11%, 11.02%, and
10.14%, respectively. The results obtained from experiments and simu-
lations will be normalized by relative density in order to compare their
mechanical performance legitimately, as will be mentioned later in the
discussion.

2.2. Fabrication

The AAMs were fabricated by additive manufacturing using an HP
jet fusion 580 printer (HP Inc., USA). The HP 580 printer is renowned
for its exceptional multi-agent and multi-pass printing capabilities. The
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Fig. 1. AAMs with different designs. (a)–(d) AAMs with a/𝑏 = 1, a/𝑏 = 1.2, a/𝑏 = 1.5, and a/𝑏 = 2, respectively. (e) Representative volume element (RVE), one-eighth model of
the RVE and the binder geometry. Here, a/𝑏 = 1, r/a=1/6, t/a=1/12, s/a=1/12, d/a=1/4, and R/a=5/6. (f)–(i) 3D printed samples for a/𝑏 = 1, a/𝑏 = 1.2, a/𝑏 = 1.5, and a/𝑏 = 2,
respectively.
multi-jet fusion process is a specific additive manufacturing technique
that is utilized for fabricating parts and prototypes. It involves the use
of a printer equipped with multiple inkjet arrays to deposit and fuse
various agents onto a powdered material. This 3D printing technique
involves following steps: (1) material preparation; (2) agent deposi-
tion; the agents include fusing agents, detailing agents, and coloring
agents; (3) Thermal fusing; after the agent deposition, the agents are
exposed to thermal energy which will melt and fuse the particles of the
powered material together; (4) layering and repetition; once the first
layer has been fused, new layer is spread. This layer-by-layer approach
is repeated until the entire part is built. By utilizing multiple inkjet
arrays and carefully controlling the deposition of fusing, detailing, and
coloring agents, the multi-jet fusion process enables the production
of complex and customized parts with high-resolution finishes. The
fused layers lock together at the molecular level, resulting in strong
and durable final products. In this study, we utilized Nylon-12 as the
base material. Nylon-12 is a widely employed material in injection
molding and has gained popularity as a common base material in
additive manufacturing. It possesses desirable characteristics, such as
excellent processability, high mechanical properties at moderate tem-
peratures [32], and relatively low costs. It should be pointed out that
despite the advantages of the printer, we cannot manufacture the AAMs
with very low relative density (below 10%) because of the limitation
of resolution and difficulty of cleaning the samples.

2.3. Mechanical testing

The quasi-static compression tests on the AAMs were carried out
to investigate the elastic stiffness and mechanical behavior under
large deformations. All the AAM samples were uniaxially compressed
using an Instron universal testing machine (5569 A, Instron Corp.,
USA) with a 50 kN load-cell at a constant strain rate of ∼10−4 s−1

(3.75 mm/min). The samples were compressed to maximum strain of
70%, i.e., 52.5 mm. The stiffness and strength of the AAM samples
were extracted from the experimental stress–strain curve [33]. The
energy absorption of the tested architected materials was determined
by calculating the area under the stress–strain curve [34]. In the
repeated experiment, four tests were conducted to ensure repeata-
bility. Besides, we installed the 2D Digital Image Correlation (DIC)
(GOM, Germany) to capture the deformation pattern. The morphologies
and the failure modes for the samples captured by DIC were used
3

for the following analysis and discussion. Additionally, three fully
dense dumbbell-shaped samples were tested to calibrate the Nylon-12
constitutive model for the finite element simulations.

2.4. Finite element simulations

2.4.1. Finite element simulation setup
Finite element (FE) simulations were performed to analyze the

anisotropic behavior of AAMs and to gain additional insights into
the mechanisms of deformation. The simulations utilized the Abaqus/
Explicit (Providence, RI, USA) solver. The 3 × 3 × 3 models were
simulated to investigate the mechanical behavior under large defor-
mation. The FE simulation setup is displayed in Figure S3 (a)–(b).
The rigid bottom plate was fixed translationally as well as rotation-
ally. The rigid top plate was subjected to downward displacement,
i.e., 52.5 mm. In the simulations, an elastic-perfectly plastic constitutive
model, calibrated with experimental data on fully dense Nylon-12, was
employed (Figure S3 (d)). Note that the employed Young’s modulus
for Nylon-12 is 𝐸 = 1400 MPa, the Poisson’s ratio is 𝜈 = 0.3, and the
yield stress is 38 MPa [29]. To simulate the contact behavior, general
self-contact with a friction coefficient of 0.25 for tangential motion
and hard contact for the normal direction were defined [35,36]. All
the architected materials simulated in this work were meshed with
∼300,000 C3D8 elements by Hypermesh (Altair Engineering Inc, USA).
The converged simulation results are depicted in Figure S3 (e)–(f).
To satisfy the quasi-static simulation requirement, dynamic effects are
kept negligible by controlling the ratio of kinetic energy to internal
energy below 5% [29]. Furthermore, to understand the elastic response
of AAMs, the RVE models were simulated to study the anisotropic
behavior by applying periodic boundary conditions (PBCs), wherein
the linear elastic model is applied since only small deformation is
considered.

2.4.2. Periodic boundary conditions
As discussed before, the anisotropic metamaterials can be con-

sidered as a periodic array of RVEs. Therefore, periodic boundary
conditions can be applied in order to reduce the computational load
while maintaining high accuracy. As pointed out in the Ref. [37], the
deformation between adjacent RVEs should be compatible, and there is
no distance between them as well as they do not overlap. The periodic
boundary conditions can be expressed as follows [38]:

𝑢
(

𝑥 , 𝑥 , 𝑥
)

= 𝜀 𝑥 + 𝑢∗
(

𝑥 , 𝑥 , 𝑥
)

(1)
𝑖 1 2 3 𝑖𝑘 𝑘 𝑖 1 2 3
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where 𝜀𝑖𝑘 is the average strain and 𝑢∗𝑖
(

𝑥1, 𝑥2, 𝑥3
)

is a periodic function
rom one RVE to the next, which is essentially unknown and dependent
n the general loading.
Because of the periodicity of RVEs, two types of continuity are

equired in boundary conditions: first, the displacements need to be
ontinuous; second, the traction distribution in the opposite boundaries
hould be the same. Therefore, the displacement for the boundary
urfaces of parallel pairs should follow the equation below [37]:
𝑗+
𝑖 = 𝜀𝑖𝑘𝑥

𝑗+
𝑘 + 𝑢∗𝑖 (2)

𝑢𝑗−𝑖 = 𝜀𝑖𝑘𝑥
𝑗−
𝑘 + 𝑢∗𝑖 (3)

where the 𝑗+, 𝑗− superscript means the 𝑗th pair of opposite surfaces in
RVE.

As 𝑢∗𝑖
(

𝑥1, 𝑥2, 𝑥3
)

is unknown, combining Eqs. (2) and (3), the fol-
lowing equation can be obtained:

𝑢𝑗+𝑖 − 𝑢𝑗−𝑖 = 𝜀𝑖𝑘
(

𝑥𝑗+𝑘 − 𝑥𝑗−𝑘
)

= 𝜀𝑖𝑘𝛥𝑥
𝑗
𝑘 (4)

The above equation can be applied in ABAQUS by defining MPC
constraints through python script.

On the other hand, the traction continuity requirement for opposite
parallel surfaces can be expressed as [37]

𝜎𝑗+𝑛 − 𝜎𝑗−𝑛 = 0 (5)

𝜏𝑗+𝑛𝑡 − 𝜏𝑗−𝑛𝑡 = 0 (6)

where 𝜎𝑛 and 𝜏𝑛𝑡 denote the normal and shear stress in opposing parallel
surfaces.

However, it has been proven in Ref. [39] that in a displacement-
based finite element analysis, Eq. (4) guarantees the uniqueness of
solution; Eqs. (5) and (6) will automatically be satisfied.

3. Results and discussion

3.1. Effect of ratio of major axis to minor axis

3.1.1. Mechanical performance under large deformation
To understand the mechanical behavior of the AAMs under large

deformations, uniaxial compression tests have been performed. For
clarity, all the experimental and simulated results in this section are
normalized with respect to the relative density of each AAM. The
experimental normalized nominal stress–strain curves for AAMs with
a/𝑏 = 1, a/𝑏 = 1.2, a/𝑏 = 1.5, a/𝑏 = 2 are shown in Fig. 2(a). It
an be observed that the ratio a/b significantly affects the mechani-
al performance of AAMs. Specifically, as the ratio of a/b increases,
he stress also rises, especially before the yield strength. However,
he stress–strain curve is characterized by an increasing peak–valley
eature. This indicates that significant buckling occurs as the ratio of
/b becomes larger, as will be evidenced by the deformation images
n the following. It is interesting to find that the AAMs with a/𝑏 = 2
exhibits significant negative stiffness behavior; this unique behavior is
attributed to the occurrence of shell buckling. This phenomenon has
been harnessed to create efficient energy absorbers [5,40]. Fig. 2(b)
isplays the experimental and FE simulation results for the stress–strain
urve of AAM with a/𝑏 = 1 and a/𝑏 = 2. In our simulation, we
id not consider the fracture or failure. Therefore, notable difference
etween experiment and simulation is observed in Fig. 2(b). However,
he FE simulation does a good job of capturing the significant qualita-
ive features observed in the experimental stress–strain responses until
ensification. Fig. 2(c) and (d) show the experimental deformation
attern for different applied strain levels. At strain of 𝜀 = 0.12, the
AM with a/𝑏 = 1 exhibits monolithic deformation behavior, and no
ignificant localized deformation is observed. By contrast, the AAM
ith a/𝑏 = 2 displays notable localized buckling at the top layer, which
orresponds to the first peak–valley section on the stress–strain curve.
s the strain increases, the AAM with a/𝑏 = 1 shows the same deforma-

ion pattern with uniform deformation of each layer until densification.

4

This explains the smooth appearance of stress–strain curve in Fig. 2(a).
On the other hand, the AAM with a/𝑏 = 2 exhibits a layer-by-layer
buckling behavior at different strain stages which corresponds to the
different peak–valley sections on the stress–strain curve in Fig. 2(a).
The layer-by-layer deformation pattern has been previously determined
to contribute to energy absorption performance by preventing an early
catastrophic failure mode [41].

To gain further insights about the deformation mechanisms of the
AAMs, von Mises stress contour plots from the finite element simu-
lations are shown in Fig. 2(e) and Fig. 2(f). At an applied strain of
𝜀 = 0.12, the stresses for the AAM with a/𝑏 = 1 are largely concentrated
on the binder regions, which, recall, are present to hold the ellipsoidal
shells together (see Fig. 1). It can be observed that the stresses (and
deformations) distributed on the spherical shells are quantitatively
quite similar for the different layers. This agrees with the experimental
observation of monolithic deformation behavior at this stage for the
AAM with a/𝑏 = 1. However, the stresses for the AAM with a/𝑏 = 2 are
mainly concentrated on the top layer, as shown in Fig. 2(f). This helps
explain the first peak–valley section in Fig. 2(a) and is consistent with
the experimental observations in Fig. 2(d). As the strain rises, similar
eformation mechanisms compared to strain of 𝜀 = 0.12 are revealed,
.e., global buckling mode for the AAM with a/𝑏 = 1 and localized layer-
y-layer buckling mode for the AAM with a/𝑏 = 2. The deformation
echanisms shown in these finite element simulations further explain
he experimental observations in Fig. 2(c) and (d).
The normalized stiffness, yield strength, and energy absorption are

lotted against the AAMs with a/𝑏 = 1, a/𝑏 = 1.2, a/𝑏 = 1.5, a/𝑏 = 2
n Fig. 3, respectively. The energy absorption is defined by the area
nder the stress strain curve. As the ratio of a/b increases, the stiff-
ess, yield strength, and energy absorption exhibit an increasing trend.
pecifically, a four times increase in stiffness and a three times increase
n yield strength has been observed as the ratio of a/b increases from 1
o 2. However, the increase in energy absorption is not as significant as
tiffness and yield strength, and it reaches a threshold when a/𝑏 = 1.5.
his is mainly because of the peak–valley characteristics in the stress–
train curve (due to the localized layer-by-layer buckling behavior) for
/𝑏 = 2 compared to the smoother monolithic deformation patterns
bserved for lower a/b values.

.1.2. Scaling law and anisotropy
To achieve high effective strength in metamaterial, local stretching-

ominated behavior is usually desirable. Conventionally, cellular foam
tructures tend to exhibit local bending-dominated deformation
odes [42–44]. Recently, the Triply Periodic Minimal Surface (TPMS)
ased foam topology has demonstrated local stretching-dominated
ehavior [45,46]. Interestingly, TPMS-based Schwarz-P soft pneumatic
ctuator was studied to exhibit anisotropic behavior when pressur-
zed [47]. However, the limitation of TPMS-based foam is the limited
unability of its mechanical performance due to the lack of enough
esign parameters. Here, we show that by altering the ratio of a/b
n AAMs, the deformation mode can be transformed from bending-
ominated to stretching-dominated. A single RVE (Fig. 4(a)) finite
lement model with periodic boundary conditions (as described in
ection 2.4) was developed to predict the initial linear elastic properties
f the AAMs. The scaling law of relative stiffness E/𝐸s versus relative
ensity 𝜌∕𝜌s, as well as the projection of stiffness varied between the
100] and [001] directions of the RVE, are plotted in Fig. 4(b) (where
s and 𝜌s are the Young’s modulus and density of the base Nylon-
2 material, respectively). Note that the relative density of each AAM
onfiguration was altered by changing the shell thickness, t. The results
how that the relative stiffness, E/𝐸s, increases in direct proportion
o the rising relative density, 𝜌∕𝜌s, regardless of the different AAM
rchitectures. Meanwhile, as the ratio of a/b increases, the power index
f the scaling law decreases. This decrease in the power index indicates
more stretching-dominated behavior as the relative stiffness is less
ffected by simply increasing the shell thickness, which is also closer to
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Fig. 2. Experiment and simulation results for AAMs. (a) Normalized nominal stress–strain relation for AAMs with a/𝑏 = 1, a/𝑏 = 1.2, a/𝑏 = 1.5, and a/𝑏 = 2, respectively. (b)
xperimental and simulated normalized nominal stress–strain relation for a/𝑏 = 1 and a/𝑏 = 2, inset is FE simulation results. (c) Deformation patterns for a/𝑏 = 1 and a/𝑏 = 2. (d)
on-Mises stress contour plots for a/𝑏 = 1 and a/𝑏 = 2.
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he theoretical limit. The power index evolution affected by geometric
arameters was explicitly observed in a similar study [48], wherein
he strut angle of BCC lattices was shown to alter the deformation
echanism. The design strategy studied here could expand the design
pace to achieve tunable mechanical behavior.
Many current metamaterial design studies focus on materials in

hich the three orthogonal directions [100], [010] and [001] exhibit
he same modulus [28,49,50]. In contrast, the AAMs described herein
xhibit significant anisotropy for three principal orthogonal directions.
or instance, in the 𝐸𝑥 vs. 𝐸𝑧 plots in Fig. 4(c), which examine the
ffective stiffness in the x-z plane, the AAM with 𝑎∕𝑏 = 1 shows a
quare-like shape with equal stiffness along [100] and [001] directions.
5

n contrast, the AAM with a/𝑏 = 2 exhibits two elliptical lobes,
nd the ratio of stiffness along [001] direction to [100] direction is
7. Comparatively, the ratio of the stiffness for stochastic lattice and
hombic dodecahedron lattice along [001] to [100] direction has been
hown to vary from 1.3 to 5 [51], which is significantly smaller than
he difference reported in our study. Additionally, a qualitative agree-
ent between the experimentally measured and numerically simulated
tiffness along different directions is observed (Fig. 4 (c)). The more
etailed anisotropic behavior of AAM is described in Fig. 5 and will be
discussed in the following.

The mechanical anisotropy of the AAMs is represented by the elas-
tic surfaces, which convey the orientation-dependent sample stiffness
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Fig. 3. Effect of a/b on the mechanical performance of AAMs. (a) Effective stiffness as a function of a/b. (b) Yield strength as a function of a/b. (c) Energy absorption as a
function of a/b.
Fig. 4. Effect of a/b on the elastic response of AAMs. (a)–(c) Geometrical model, relative stiffness as a function of relative density, and 2D spatial representations of specific
effective Young’s modulus surfaces of AAMs for a/𝑏 = 1, a/𝑏 = 1.2, a/𝑏 = 1.5, and a/𝑏 = 2, respectively.
(i.e., Young’s modulus E as a stiffness measure under uniaxial load-
ing), Poisson’s ratio, and shear modulus calculated using linear elastic
finite element models. We implemented a homogenization scheme with
periodic boundary conditions to calculate the elastic properties in all
directions [52]. Fig. 5 (a) shows the spatial distribution of effective
Young’s modulus normalized with the maximum Young’s modulus. For
the AAM with a/𝑏 = 1, the prime direction with maximum Young’s
6

modulus is [111] direction while the [100], [010], and [001] directions
show the minimum Young’s modulus value. As we increase the ratio
of a/b, the prime direction shifts from the [111] to the [1] direction.
The [100] and [010] directions remain those with minimum Young’s
modulus. This demonstrates that altering the ratio of a/b allows for
prescribing substantial elastic anisotropy and provides a mechanism
to design the elastic response along chosen directions in a single
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Fig. 5. Spatial distribution of effective Young’s modulus, Poisson’s ratio and shear modulus for AAMs with a/𝑏 = 1, a/𝑏 = 1.2, a/𝑏 = 1.5, and a/𝑏 = 2. (a) effective Young’s modulus
normalized with maximum Young’s modulus. (b) effective Poisson’s ratio. (c) effective shear modulus normalized with maximum shear modulus.
architecture. The spatial distribution of the effective Poisson’s ratio is
shown in Fig. 5 (b). It is interesting to find that the [111] direction
of the AAM with a/𝑏 = 1 shows significant negative Poisson’s ratio.
As the ratio of a/b increases, the negative Poisson’s ratio extremum
shifts gradually from the [111] direction to the [110] direction, and the
negative Poisson’s ratio becomes less and less significant. The regions
associated with negative Poisson’s ratio shrink continuously at the
same time. Fig. 5(c) exhibits the spatial distribution of the effective
shear modulus. All four architectures display a gyroscopic distribution
of shear modulus. Specifically, the minimum value of shear modulus
lies in the [111] direction while the maximum is along the [100],
[010], and [001] directions for the AAM with a/𝑏 = 1. Similar to the
Poisson’s ratio, the minimum value of shear modulus shifts from the
[111] direction to the [110] direction as the ratio of a/b enlarges.

3.2. Comparison of AAM with existing architected materials

In order to further compare the mechanical performance of AAM
with the existing architected materials, we designed example SC (Sim-
ple Cubic)-lattice and SC-TPMS as shown in Fig. 6(a). Here, the AAM
was designed based on major–minor axis ratio a/𝑏 = 2. In this section,
we kept the same lattice constant and relative density for the three
designs. The relative densities of these designs were determined by
the ratio of the volume of architected materials to the volume of
bounding box; the volume of architected materials was obtained by
measuring it directly in Rhino software. Keep in mind that we choose
SC-TPMS as the base material for our comparison is because our design
of AAM is SC symmetric. The symmetric type could significantly affect
the energy absorption behavior [53]. Here, we conducted experiments
and FE simulations to study the mechanical behavior of the three
designs under large deformation. The compressive stress–strain curves
for the three architected materials are shown in Fig. 6(b). The SC-lattice
displays compelling mechanical behavior compared to SC-TPMS and
AAM before the yield strength because of the strong stretch-dominated
behavior of SC-lattice when loading in the [1] direction [54]. However,
after the peak strength, the stresses drop significantly and maintain
7

in a low level. The SC-TPMS shows a lower yield strength than SC-
lattice but larger than AAM. Stress also drops notably after the peak
strength. The AAM, on the other hand, exhibits a similar deformation
pattern of peak–valley feature as discussed before (see Section 3.1).
The deformation images of SC-lattice, SC-TPMS and AAM are shown in
Fig. 6(d), (e), and (f). At an applied strain of 𝜀 = 0.07, the top front
of the SC-lattice failed catastrophically, corresponding to the abrupt
drop of stress in Fig. 6(b). At this stage, the SC-TPMS and AAM show
continuous deformation, as evidenced by the smooth rising of stress
in Fig. 6(b). At an applied strain of 𝜀 = 0.12, the failure of SC-lattice
expands to the backside of the middle layer causing global instability,
which is verified by the further drop of stress to the minimum value
during the experiment (Fig. 6(b)). In contrast, the SC-TPMS displays
observable buckling of all the cells, indicating the steady rising of
stress (Fig. 6(b)). On the other hand, the AAM exhibits a layer-by-layer
deformation pattern, with significant buckling behavior of the bottom
layer. This corresponds to the first peak–valley section on the stress–
strain curve in Fig. 6(b). As the strain rises, the SC-lattice shows further
failure until the total collapse of top layer. The SC-TPMS exhibits
failure of the top layer at an applied strain of 0.2, as evidenced by
the notable stress drop in Fig. 6(a). The middle layer of SC-TPMS also
fails in a brittle manner at an applied strain of 0.5, leading to minimal.
Meanwhile, the AAM is characterized by a layer-by-layer deformation
pattern until densification, indicating a stable mechanical behavior at
large deformation with a great deal of energy absorption.

As noted in the above experimental analysis, the failure of the SC-
lattice and SC-TPMS dominate their mechanical performance at large
deformation. In order to further demonstrate the superior design of
AAM and eliminate the effects of inadequate ductile property of nylon
material. We numerically simulated the three architectures for large
deformation behavior with no failure incorporated. The stress–strain
curves for the SC-lattice, SC-TPMS, and AAM are shown in Fig. 6(c).
It shows very similar mechanical behavior before the failure when
compared to the experimental results. The stiffness, yield strength,
and energy absorption of the three designs from experimental and
numerical results are displayed in Fig. 7. As shown in Fig. 7 (a) and (b),



H. Jiang, B.A. Bednarcyk, L. Le Barbenchon et al. Thin-Walled Structures 192 (2023) 111115

s

t
t
f
i
a
u
m

Fig. 6. Comparison of proposed AAM with existing lattices and TPMS model by experiment and simulation. (a) Geometrical model of SC-lattice, SC-TPMS, and AAM. (b) Experimental
tress–strain relation of lattice, TPMS and AAM. (c) Simulated stress–strain relation of lattice, TPMS and AAM. (d)–(f) Deformation patterns of lattice, TPMS and AAM.
he stiffness and yield strength from FE simulations are very close to
he experimental values. But the energy absorption of the three designs
rom simulations are quite different from the experimental values; this
s due to the fact that in our simulations, we did not consider fracture
nd failure, which play a significant role in the mechanical behavior
nder large deformation; again, our simulation is not performed to
atch experimental results, and rather to provide insights to explain
8

the deformation mechanism. Specifically, the stiffness of SC-lattice is
much larger than that of SC-TPMS and AAM due to the strong stretch-
dominated behavior when loading in [1] direction. Fig. 7(c) and (d)
summarize the energy absorption of lattice, TPMS and AAM considering
densification and without considering densification. It is observed that
the energy absorption of AAM is better than the SC-lattice and SC-
TPMS when densification is considered, as shown in Fig. 7(c). However,
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Fig. 7. Comparison of mechanical performance for lattice, TPMS and AAM. (a) Stiffness. (b) Yield strength. (c) Energy absorption considering densification. (d) Energy absorption
efore densification.
ith respect to energy absorption efficiency (where densification is not
onsidered), it is shown that our proposed AAM performs better than
C-lattice structure for both experiment and simulation; the energy
bsorption is increased by 120% and 35.6%, respectively. When com-
aring with SC-TPMS structure, the energy absorption of the proposed
AM from experiment is comparable to SC-TPMS. However, in the
imulations without considering fractures, the energy absorption of
AM is increased by 13%. This suggests that fabricating AAM with
ore ductile material is preferred when energy absorption efficiency
s considered.
The Mises stress contour plots for the AAM, SC-lattice, and SC-TPMS

rom FE simulation are shown in Fig. 8. At an applied strain of 𝜀 = 0.07,
the stresses in the SC-lattice are mostly concentrated in the vertical
beams at the top layer, leading to the significant buckling of these ver-
tical beams. As the strain increases, a global buckling of the SC-lattice
is observed, which causes the instability of the structure. This explains
the significant stress drop in Fig. 6 (c) and the stress remains in the low
range until densification. On the other hand, SC-TPMS is characterized
by rather uniformly distributed stresses during the deformation. This
has been extensively reported, and it is attributable to the smooth
surface of TPMS with zero mean curvature [3,12]. As the applied strain
is increased, however, the cells are significantly distorted, resulting in
a layer-by-layer deformation pattern, which explains the peak–valley
feature of stress–strain curve in the later stages of deformation as shown
in Fig. 6(c). In contrast, the AAM is characterized by the layer-by-layer
buckling pattern throughout the simulation, as can be observed from
the stress concentration on the different layers at different strains in
Fig. 8(c).
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4. Conclusions

A new class of elastically anisotropic mechanical metamaterials has
been developed that exhibit tunable anisotropy and enhanced energy
absorption simply by altering the shape of the ellipsoidal shell that
constitutes the microstructure. The proposed metamaterials with vary-
ing local architectures were manufactured via 3D printing. Through
experimental tests and numerical simulations, we have investigated the
effective elastic properties and the mechanical performance of these
metamaterials under large deformation. From the scaling law relation-
ship between relative density and relative stiffness, it was observed that
as the ellipsoidal shell semi-major axis ratio of a/b increases, a more
significant stretch-dominated behavior is expected. The anisotropy, as
measured by the stiffness difference between the [100] and [001]
directions in the metamaterials, can be tuned from 1-fold to 17-fold. By
comparing the new metamaterials with existing SC-lattice and SC-TPMS
microstructures, we report notable enhancement of energy absorption
due to a stable layer-by-layer deformation pattern. Specifically, the en-
ergy absorption of the anisotropic metamaterials provided increases of
120% when compared to SC-lattice. Meanwhile, the energy absorption
of anisotropic metamaterials is comparable to SC-TPMS structure. The
findings presented in this work demonstrate the utility of AAMs for
applications where good energy absorption and anisotropy are both
required, such as bone scaffolding and battery separators. For example,
the stiffness and energy absorption of the cancellous bone are largely
affected by the trabeculae in the longitudinal direction; in contrast, the
mechanical significance of trabeculae in the transverse direction is only
served as the purpose to endure off-axis loading [55,56]. This requires
that the bone scaffolds show significant mechanical performance in
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Fig. 8. Von Mises contour plots of lattice, TPMS and AAM. (a) Mises contour plots of lattice. (b) Mises contour plots of TPMS. (c) Mises contour plots of AAM.
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he longitudinal direction while far less performance is needed in
he transverse direction. The stiffness of battery separators along the
achine direction has been reported to be notably larger than the
ransverse direction [23]. Meanwhile, efficient energy absorption is
ecessary for lithium-ion battery separators when subject to mechanical
buse during operation.
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