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tional engineering structures, elastomer lattices exhibit ultra-high reversible stretchability, while
maintaining relatively low density. Mechanistic understanding of the mechanics of elastomer
lattices is of great importance for their structural design and optimization. However, the existing
studies in this field are limited to empirical models or finite element methods, while the theo-
retical modeling remains largely unexplored. This work reports a class of theoretical models for
the mechanics of elastomer lattices over finite deformation. The potential energy function is
constructed as a superposition of the stretching and bending modes, which are associated with the
elongation and rotation of lattice beams, respectively. The stress-stretch behavior is determined
with the aid of the principle of stationary potential energy. The model is then extended to explain
the mechanics of hierarchical elastomer lattices by introducing the principal stretches in each
hierarchical order as generalized coordinates. A set of holonomic constraint equations are written
to define the kinematic compatibility and uniaxial stress state for hierarchical lattices, which are
numerically solved via a nonlinear optimization algorithm. Results from the proposed theoretical
models agree well with finite-element simulations and experiments. Case studies are performed
for various material constitutive models, volume fractions, lattice architectures, and deformation
modes, demonstrating the generality and robustness of the proposed theoretical models.

1. Introduction

Since the negative Poisson’s ratio was discovered on foam structures (Kolpakov, 1985; Lakes, 1987), the research on architected
materials has attracted much attention for its versatile applications, especially in energy absorption and impact-resistant devices for
biomedical and ergonomic purposes (Evans and Alderson, 2000; Sanami et al., 2014). Another unique negative parameter is the
thermal expansion coefficient, as opposed to most solid materials that expand under raised temperatures. Analogous to the molecular
and atomic mechanism, the negative thermal expansion was achieved by artificially triggering the beam deformation in the lattice,
during which the constituent beam elements would rotate and occupy the internal space, macroscopically exhibiting a volumetric
contracting behavior (Lakes, 1996; Wang et al., 2016). Later, the field gradually evolves to engineering new-generation architected
materials that are programmed into periodic structures that possess unique mechanical, acoustic, optical, thermal, and electromag-
netic properties that are not observed in their constituent materials (Chen et al., 2016; Kadic et al., 2019; Tancogne-Dejean et al.,
2018). The realization of the remarkable properties of architected materials does not only depend on the design of the lattice topology
but also requires advanced manufacturing techniques. Recent studies in the field of advanced manufacturing have witnessed the
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vibrant development of architected materials made of a variety of constituents, including polymers, ceramics, and metals (Surjadi
etal., 2019). These lattice structures with extraordinary properties including low density, high specific stiffness, high specific strength,
and high energy absorption, have been used in a broad range of engineering applications, such as aerospace panels, impact absorbers,
acoustic modulators, thermal exchangers, battery electrodes, and biomedical scaffolds (Fleck et al., 2010; Gibson and Ashby, 1999;
Jens et al., 2017; Montemayor et al., 2015; Roper et al., 2015; Schaedler and Carter, 2016; Surjadi et al., 2019; Wadley, 2006; Xu et al.,
2015).

This paper focuses on a class of architected materials that are made of stretchy elastomers to form periodic lattices. Different from
most existing lattice structures made of stiff polymers, ceramics, and metals (Surjadi et al., 2019), the elastomer lattices feature high
stretchability that is beyond the description of linear elasticity, thus providing a unique structure platform for a number of applica-
tions, including soft robotics (Weeger et al., 2019), shape-changing structures (Ji et al., 2019; Ye et al., 2020; Yu et al., 2020),
noise-canceling structures (Yu et al., 2018), and energy dissipators (Jiang and Wang, 2016). Despite the great application potential, the
theoretical understanding of the mechanics of elastomer lattices has been left behind. So far, most of the theoretical models have
concentrated on the stretching-dominated lattice structures via kinematic indeterminacy and force balance analysis (Deshpande et al.,
2001; Elsayed and Pasini, 2010). However, the flexural rigidity was not considered in their models, and thus their proposed methods
could not be applied to bending-dominated lattices. In addition to the force balance analysis, researchers utilized an alternative
energy-based method to predict the mechanical properties of lattice structures. For instance, previous works demonstrated a mesoscale
site-bond model for regular-shaped lattices (Berger et al., 2017; Jivkov and Yates, 2012; Wang and Mora, 2008; Zhang et al., 2014). In
their analytical model, the strain energy for discrete beam elements was calculated and equivalently homogenized as a continuum unit
cell. Although such an energy-based method was mathematically concise, the bending-induced energy was not considered; thus, the
site-bond model was only applicable to the stretching-dominated lattices. Inspired by the previous studies, the lattice element method
(LEM) was proposed to model the continuum by a lattice unit cell (Laubie et al., 2017a; 2017b). Because their model did not include
the flexural rigidity in the effective stiffness tensor, the predicted stiffness of lattice could be underestimated. Having been incorpo-
rated with an optimization algorithm to minimize the potential energy, this model worked out the stress distribution around a crack
tip, which was verified by analytical solutions in fracture mechanics. Despite the merits of those models for lattice structures under
small deformation, the theoretical modeling of elastomer lattices undergoing a finite strain has remained largely unexplored. Re-
searchers tried to fit the experimental stress-strain curves to constitutive models such as the Ogden model and Arruda-Boyce model
(Jamshidian et al., 2020; Jiang and Wang, 2016; Li et al., 2017). However, this semi-empirical method did not account for the lattice
structural features and kinematics. A general theoretical model coupling kinematic analysis and constitutive models is highly
demanded.

Although lattice structures are typically classified into stretching-dominated and bending-dominated, it is hypothesized that all
lattice structures are stretching-dominated if subjected to a large stretch, regardless of their original classifications in the linear elastic
range (Jiang and Wang, 2016; Li et al., 2017). This hypothesis was validated by experimental results and numerical simulations with
the finite element method (FEM) (Jiang and Wang, 2016). However, a corresponding theoretical model has not been developed yet,
and thus the theoretical explanation for this hypothesis remains unclear. Inspired by the affine deformation assumption in polymer
networks (Rubinstein and Panyukov, 2002; Wu and Van Der Giessen, 1993), we postulate that elastomer lattices with regular ar-
chitectures also follow the affine deformation assumption. Consequently, the stretch of the constituent beam ligament is fully
determined with three principal stretches applied to the lattice structure. Once the constitutive models for hyperelastic materials are
taken into consideration (Arruda and Boyce, 1993; Ogden, 1972; Rivlin, 1948; Treloar, 1943), a strain energy function embodying the
strain energy from discrete beam elements is constructed. Therefore, the discrete beam elements are homogenized to a continuum unit
cell, and the stress-strain behavior of the lattice can be obtained from the strain energy function with the work conjugate relation. Our
proposed model is not only suitable for typical lattice topologies, but also feasible to describe the mechanical behavior of hierarchical
lattices. With the introduction of principal stretches in each hierarchical order as generalized coordinates, the generalized forces are
formulated via an analytical mechanics framework. The principle of stationary potential energy is realized numerically with an
optimization algorithm by minimizing the strain energy function under constraints of compatibility equations and stress boundary
conditions. This work provides a theoretical model for elastomer lattice based on polymer networks theory and variational principles
of analytical mechanics, in which a multiscale mechanical problem is abstracted and conceptualized in a higher-order dimension space
with differential geometry considerations (Lanczos, 2012).

The structure of this work is organized as follows. Section 2 introduces the experimental fabrication and characterization for the
mechanical behavior of various elastomer lattices and the material properties of bulk elastomers. Section 3 develops the theoretical
model and strain energy functions for stretching and bending mechanisms. The stress-stretch behaviors for elastomer lattices are
explained with the work conjugate relation. Based on this methodology, a generic multiscale model to interpret the mechanical
behavior of hierarchical lattices is proposed, with the aid of analytical mechanics and variational principles. In Section 4, several case
studies are demonstrated for various lattice structures coupling with different constitutive models. The numerical results are verified
with finite element simulations and validated by experimental results to ensure the feasibility and accuracy of the proposed model.
Conclusive remarks are summarized in Section 5.

2. Experimental
The fabrication of elastomer lattices started from water-soluble hollow scaffolds that were 3D-printed by a projection micro-

stereolithography system. The photoresin was a mixture of acrylic-based photopolymers N,N-Dimethylacrylamide (40% wt), Meth-
acrylic acid (40% wt) and Methacrylic anhydride (7% wt), water-soluble filler Polyvinylpyrrolidone (11% wt), and photoinitiator
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Fig. 1. The fabricated elastomer lattices. (a) The fabricated elastomer lattices in various architectures: Octet-truss, Kelvin, Kagome, Octahedron,
and Dodecahedron. (b) Reversible stretching of a Kelvin elastomer lattice.

Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (2% wt) (Jiang and Wang, 2016; Li et al., 2017; Liska et al., 2005). Once the
hollow scaffolds were 3D-printed, they were air-dried for 2 h. Then, the hollow scaffolds were filled with tin-catalyzed silicone
elastomers (mold max NV14 and 10T, Smooth-on, USA) and Urethane elastomers (PMC-724, Smooth-on, USA) with mixtures of the
base and the crosslinker 10:1 and 1:1 by weight, respectively. The filled elastomers were cured for 12 h at 25 °C. Thereafter, the
composites with scaffolds and cured elastomers were immerged in 1 mol/L NaOH solution for 6 h. The elastomer lattices were ready for
use after washing in DI water for 2 min and air-drying for 2 min. In tensile tests, the samples were clamped on the designed stretching
bars and stretched by loading rate 0.0167 mm/s with a mechanical tester (model 5942, Instron, USA). The deformation evolution was
recorded by a camera (Canon EOS 70D) and the tensile strain was calculated by the real elongating length of the lattice part. The
nominal stress was calculated by normalizing the stretching force with the effective cross-section area of the lattice.

The manufacturing method enabled us to fabricate a variety of elastomer lattices with complex 3D architectures (Fig. 1a), such as
Octet-truss, Kelvin, Kagome, Octahedron, and Dodecahedron lattices. Taking the Kelvin elastomer lattice as an example, it reversibly
sustained 414% uniaxial strain (Fig. 1b). By judicious design, we also fabricated hierarchical elastomer lattices with 3D fractal ar-
chitectures (Fig. 2). As shown in Fig. 2b, a lattice in self-similar fractal octahedron architectures was fabricated. The employment of
3D fractal architecture can drastically increase structural stretchability (Li et al., 2017). Uniaxial stretching tests showed that the
second-order structure (Fig. 2b) exhibited the maximum stretch as high as 7.1 (Fig. 2¢), while the maximum stretch for the first-order
structure is only 5 (Li et al., 2017).

To understand the mechanics of elastomer lattices, we need to first understand the mechanics of the employed elastomer material.
The experimentally measured nominal stress-stretch curve of the elastomer under plane-stress uniaxial tension and compression is
shown in Fig. 3, in which the positive stress denotes tension and negative stress denotes compression. The experimentally measured
stress-stretch curve can be fitted with various models, including neo-Hookean model, Ogden model, and Arruda-Boyce model (Fig. 3).
The corresponding equations for these models are given in Appendix A and the corresponding fitted parameters are shown in Table 1.
Note that the neo-Hookean model cannot capture the experimentally measured stress-stretch behavior for stretches higher than 3.5
because the neo-Hookean model does not account for the stiffening effect at high stretches of the elastomer.

3. Theoretical model
3.1. Problem statement

A theoretical model to describe the mechanical behavior of a hierarchical lattice will be introduced with the second-order Octa-
hedral lattice as an example (Fig. 4). The first-order structure is regarded as a minimum repeated unit cell in the fractal lattice. In this
way, the second-order lattice can be assembled by replacing each beam ligament in the first-order lattice with another two first-order
unit cells, forming a self-similar fractal lattice. In the second-order lattice, some small segments are embedded at the joint corners to
reduce the unit cell size and avoid the overlap between unit cells. Downscaling from the first-order lattice, the polymer network defines
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Fig. 2. The hierarchical elastomer lattices with fractal architectures. (a) The CAD model and fabricated first-order octahedron lattice. (b) The
CAD model and fabricated second-order hierarchical lattice. (c) Reversible stretching of the hierarchical elastomer lattice. (d) Experimentally
measured nominal stress-stretch results for the elastomer material (0th order), 1% order lattice, and 2" order lattice.
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Fig. 3. Experimentally measured stress-stretch behavior of the elastomer material and its fitting with three constitutive models including neo-
Hookean model, Ogden model, and Arruda-Boyce model. The negative stress part indicates the compression.
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Table 1
Fitting parameters for three constitutive models. The symbols are
defined in Appendix A.

Models Parameters

Neo-Hookean Ho = 84.60 kPa

Ogden (order 1) u; =38.03 kPa, &; =3.26
Arruda-Boyce Uy = 68.22 kPa, 1, = 2.86

Second Order First Order Eight-chain Model

From Structures to Materials

Fig. 4. Breakdown schematic illustration of a hierarchical Octahedral lattice.
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Fig. 5. Schematic illustrations of the kinematics of a beam subjected to principal stretches A; and Ay . (a) The reference configuration. (b) The
current configuration. (c) A rotational spring model to approximate the bending. (d) Local beam stretch. (e) Local beam rotation.

the constitutive model for elastomers. Having considered both the structural features and material properties, the proposed model can
interpret the physics and capture the mechanical behavior of elastomer lattices.

For a lattice subjected to an increasing stretch, the beam ligaments will be gradually aligned to the stretching direction, exhibiting a
low initial stiffness. During the beam alignment process, the dominant deformation pattern is primarily governed by bending behavior.
Therefore, the introduction of bending-induced strain energy is of vital importance to predict the compliant behavior during the beam
alignment process.

Under a set of principal stretches 4, 12, and 13, it is assumed that the unit cell undergoes an affine deformation from its reference
configuration, which is schematically demonstrated in Figs. 5ab. The beam ligament is stretched along its longitude direction except
for a curl observed at both endpoints, attributed to the bending moment and the corresponding flexural stress. The deformed ligament
can be approximately considered as a stretching rod with two rotational springs connected at both ends, as illustrated in Fig. 5¢. Once
the applied stretches on the lattice are given, the resulting beam stretch 1 and rotation angle 6, which are illustrated in Figs. 5de, are
uniquely determined through a kinematic analysis presented in the following subsections.

Considering the approximation in Fig. 5, the strain energy is composed of two parts, namely, stretching and bending, which will be
introduced in the following two separate subsections. The theoretical derivations for various lattice structures and constitutive models
are similar. Therefore, the subsequent efforts will mainly focus on the Octahedral lattice with the Arruda-Boyce model as the
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Fig. 6. Schematic illustrations of vectors X and x with their directional cosine vectors N and n during deformation.

representative example. The derivations for other lattices, including the Octet-truss and Kelvin lattice with the neo-Hookean model,
Ogden model, and Arruda-Boyce model, are documented in Appendix B.

3.2. Stretching model for a unit cell lattice

The lattice structure, which consists of discrete beam ligaments, is identically represented by a continuum unit cell with identical
effective material and geometric properties. The kinematics of an affine deformation yields the relation of a vector segment featuring a
beam ligament between the reference and current configurations such that

x = FX, (€Y

where F = x ® V is the deformation gradient, and the vector segments x and X are denoted by their length [ and L, together with their
directional cosine vectors n and N such that

x=Im, X=LN. @

The vectors previously mentioned are schematically illustrated in Fig. 6. From the reference configuration to the current
configuration, the vector X is deformed into x via Piola transform, with the length elongating from L to L. In contrast, the directional
vector remains its length during deformation, which is mathematically written as VN? = /n2 = 1. Therefore, the vector N is deformed

into n via isometric transformation as

n = RN, 3)

where R is a rotation matrix.
Combining Eqs. (1) and 2 produces the uniaxial beam stretch 1 as
= P T
A :E:N-FFN:N-CN, (€))
where C = F'F denotes the right Cauchy-Green deformation tensor.
Given the direction of the beam ligament N and the predefined deformation gradient F, the uniaxial beam stretch can be deter-
mined via Eq. (4) as 2 =+/N- CN. The relation between directional vectors n and N in Eqg. (3) could be simplified by combining Eqs. (1)
to 4 as

L F
n=-FN==>N, (5)
l )

where the rotation matrix is obtained as

F F
R=x=—— 6
7 VN-CN (6

Note that the set of rotation matrix R is not an SO(3) (three-dimensional special orthogonal) group, due to the following
inequalities.
det(F)

det(R) = R # £1; @)
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RTR:. =72l ®

where I is the unit matrix or Kronecker delta.
In the case where the deformation gradient is a diagonal tensor with three principal values, i.e., 1;, 42, and 13, the previously
obtained Egs. (4) and 6 are explicitly written as

7= \[N222 + N2A2 + N222, 9)
Mg @G+ g G, + 438, ® G

\/NIZ + N3AS + N223

where G; and g; are base vectors in the reference configuration and current configuration, respectively.

Note that the above analyses Eqs. (1)-(10) are based on the affine deformation assumption of elastomer lattices. To verify the affine
deformation assumption, we add Appendix B to compare the theoretical models for the beam deformation with the respective finite
element simulation results (Figs. B1-B3). The results shown in Appendix B clearly justify the validity of the affine deformation
assumption for the elastomer lattices studied in this paper.

R= (10)

For an incompressible material under uniaxial stretch, the principal stretches Zi can be formulated as 11 = E, Ez =1/ \/j, and 13

=1/ \/7, and thus the incompressible condition detF = 111213 = 1 is automatically satisfied. The strain energy density function W for
a single beam ligament is formulated with Arruda-Boyce model as (Arruda and Boyce, 1993)

I
W =po |5 (T~ 20/12 (-9 1050/14 (hi-27)|, (1)

m

where 4, denotes the shear modulus for bulk materials, I, = P + 2/7 denotes the first invariant of the right Cauchy-Green tensor for a
beam ligament under uniaxial tension, and 4, denotes the stretchability of the elastomer. Because the incompressible condition is
already presumed, it is identical to introducing a Lagrange multiplier in Eq. (11).

By taking advantage of the symmetry of an Octahedral lattice, one can readily write the directional cosine vector as

Netlg+le+la, 12
GO RS E S 12

which can be observed in Figs. 2a and 4.
Given the geometry of an Octahedral lattice, the local beam stretch in Eq. (4) is explicitly written as

~ R+ \/Z
A= 1 2 3_ /1t 13
3 3’ (13)

where I; = 4% + 42 + 2 is the first invariant of the right Cauchy-Green tensor for the overall lattice structure. It is highlighted that the

two invariants fl and I; are defined in the local coordinate in beam ligaments and global coordinate in the lattice structure, respec-
tively. With the aid of Eq. (13), the first invariant of the right Cauchy-Green tensor for the local beam coordinate is obtained as

~ = 2 (I IANE:
=7 +2=(2) +2(2) . 1
=T (3)+<3> (14)

Then, the strain energy function in Eq. (11) could be further simplified for an Octahedral lattice as

OO
e () o) ) ]
o [(;_l)lﬁ(g)ig(g)%_ls}),

The Octahedral lattice is homogenized as a continuum unit cell of side length a, which comprises 8 beam ligaments of radius r and

length v/3a/2. Therefore, the strain energy density function for the unit cell lattice is formulated by
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Va2 (1] /1 IANE:
W(/11,127/13)—Tazﬂ0 3 8<§>+16<§> —24
L Y 2+32 h %+32 AN 72 (16)

2022 [°\3 3 3
s (BY st %+64 ny* 120
105074 |°\3 3 3 :

Note that the constituent material is incompressible, as indicated in the incompressible condition detF = El 1213 = 1. However, the
lattice structure is compressible, and thus the lattice stretches 1;, 1, and A3 are not coupled. Therefore, the strain energy in Eq. (16)

does not include the Lagrange multiplier.
The nominal stress of the stretching mode can be obtained by taking the derivative with respect to the stretch such that

V3w (1]16, 16, (1\?
Sl,.\rrerch:7ﬂ0 § ?’11 _?ﬁl ?
_1 -
1 32 I 32 I\ 64 I,
o [30\3) 750G TG 17-1
e[ ) B ] .
e, (B 2+48/1 ny! o, (1 B
105044 | '\3 "\3 13 ;
Van? (116, 16, (1)\7
Sz,xrrerchZTﬂO 5 ?/'[2—?22 g
_1 72
1 32 I, 32 I\ 64 I,
3G G) TG 17-2
e[ 3 0] -
e (B 2+48/1 hy! 6y (1 B
105028 | 2\3 23 23 ;
Van? (116, 16, (1)\7
$3_stretch :7}% 5 ?}[3 —?}B g
_1 -
1 (32, /(1 32 (L\7? 64, (I
205, [37\3) 737\3) 373 17-3
BB 5] o

1 5
11 n\? I\’ L\
164 ( ) + 484 (2] —6das (2 .
+1050,1;‘”{ 3(3) + 3(3 \3

3.3. Bending model for a unit cell lattice

The strain energy stored in the rotational spring (Fig. 5c¢) results from the relative rotation between the beam ligament and spring.
For simplicity, we herein assume that the spring is ideally linear elastic, indicating that the bending moment is proportional to the
rotation angle. The rotation angle is obtained by using the following inner product as

N-FN
cosd=n-N=N-RN=———. (18)
N-CN

For an Octahedral lattice, the directional cosine vector is given as N = (+1/ V3, +1 / V3, £1 / \/§), as indicated in Eq. (12).
Therefore, the numerator in Eq. (18) could be simplified as N-FN = 4; + A2 + 43/3 = Fi/3, and the strain energy V stored in a
rotational spring of stiffness f is formulated as follows

1 F
_ 2 _ 2 kk
V= o po o Parccos (\/ﬁ) 19

where Fy is the trace or the first invariant of the deformation gradient F.
By correlating to the beam theory with linear elasticity, the spring stiffness is equivalent to the flexural rigidity of an antisymmetric
bending beam such that
 12E1

p I (20)
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where EI/L is the flexural rigidity. To address the non-linear behavior of the spring stiffness, a more accurate FEM-assisted calibration
will be performed for the hierarchical lattice in the next section.

With Eq. (19), the additional stress resulting from the bending is obtained by taking the derivative with respect to the stretch such
that

oV p < Fix ) I — W Fy;
S1_bend = —— = ——= arccos —_— (21-1)
1-bend 0&1 a3 V31, I /31] _F]?j

oV p ( Fu > I, — LF; . (21-2)
I

$2_bend = ﬁ = *; arccos \/ﬁ'

J

S3_bend = ()_V = —ﬁ arccos Fu M (21-3)
023 a3 1I

V3 g, 31— F2

Integrating Eqs. 17 and 21, we obtain the effective nominal stress in three principal directions written as

S| = S\ _stretch 1 S1_bend (22-1)
82 = 82_stretch 1 82_bend (22-2)
83 = S3_gtretch 1 S3_bend- (22-3)

To theoretically predict the uniaxial behavior of the Octahedral lattice, the traction-free conditions that s, = s3 = 0 could be
exploited to determine the lateral stretches 4, and A3 as a function of the applied stretch 4,. Eventually, the stress-stretch behavior of a
unit cell lattice can be established and elucidated with a concise model that accounts for both structural and material properties.

3.4. Rigid zone model for high-volume-fraction lattices

The models introduced above have established the kinematics and constitutive models for lattice structures. However, as the
volume fraction increases, the overlap between beam ligaments cannot be ignored, and thus the effective length of the beam is
significantly smaller than its center-to-center length. The joint overlap is usually considered stiffer than the slender beam. Therefore,
the joint overlap is approximately modeled as a rigid zone, which is widely used in structural design and analysis in civil engineering
(Seo and Jang, 1996).

To quantify the effect of the rigid zone, we assume that a beam is composed of a rigid zone of length § and a deformable zone of
length L — § in the initial configuration. After deformation, the deformable zone is stretched to a length of [ — §, while the length of the
rigid zone remains the same. Consequently, the deformable zones X¢ and x?, which are observed in the initial and current configu-
rations, are written as

X! =(L-6N, x‘=(I-dn. (23)

With the aid of Egs. (4) and 5, the deformable zone in the current configuration is simplified as

xd:x—én:LFN—é%, (24)
whose length is obtained as
VAT ¥ = \/I’N- CN — 25LVN-CN 4 & = (LVN-CN -6). (25)
Therefore, the stretch of the deformable zone is calculated as
#_W_me@ 26)

TUXT x4 L—-¢

~d —~
Note that Eq. (4) is a particular case for Eq. (26) when § = 0. If the rigid zone is considered as § > 0, then it is apparent that 1 > A.
This inequality is interpreted as the fact that the deformable zone must be elongated more to compensate for the rigid zone.

3.5. Modeling hierarchical lattice

The extreme flexibility can be designed and achieved with the fractal architecture of the hierarchical structure, in which each order
experiences a stretch delay that contributes to macroscopic compliance (Li et al., 2017). To theoretically model the mechanical
properties of a hierarchical lattice, this section gives a general formulation to describe the behavior of an n order Octahedral lattice
with the help of analytical mechanics and variational principles.
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3.5.1. Mathematical descriptions

The kinematics of a hierarchical Octahedral lattice will be discussed in this subsection. Let the lattice consist of n orders, with the 0%
order being the beam ligament made of bulk material and the n* order being the macroscopic lattice structure (example in Fig. 2). The
recurrence relation of the stretch between the current i hierarchical order and the subsequent upscaling (i + 1)™ order is generalized
from Eq. (13) when Ni, N, N3 = +1/+/3, which is written as

; 1, 1, 1,
(,)/1% — 7(:+1)/ﬁ + 7(:+1)/1§ + 7(:+1)/1§7 (27)
3 3 3
where the left superscript (-) denotes the number of hierarchical orders and does not count into the tensorial index notation. By

multiplying a factor 1/3! in Eq. (27) and operating a summation from i = 1 to n yields the kinematic relation as follows
1 n 1 . n l i
042 — ﬁ"uﬁ +> EM +y Ewg. (28)
i=1 i=1

Since the kinematic relation in Eq. (28) is expressed in a series form, the convergence criterion will be discussed for a fractal-like
lattice with an infinite number of hierarchical orders, namely, the mechanical behavior when n — .

During a uniaxial tension, it is reasonably assumed that each beam ligament is stretched and the substructure contracts in the
lateral directions due to the positive Poisson’s effect such that

Op>1, 0 <1, 95<1. (29)
According to Weierstrass M-test (Rudin, 1964), a series converges uniformly if there exists a set of bounded values M; such that

1 1, 1,
M; = 3 > max{i()lg, ?U/ﬁ}’ (30)

and the infinite series of the upper bound value M; also converges such that

1 1
> M= 5=3 (31)

i=1 i=1

Therefore, the upper bound for the beam stretch is determined as follows
©22 < i Lo ~1_
1 < limes /11+22§—L (32)
i=1

It has been proved and demonstrated in Eqs. (29) and 32 that, for a theoretically infinite number of hierarchical-order structures,
the beam stretch must be somewhere between its lower and upper bounds such that

1< lim©Oa <1, (33)
which simply indicates that the beam stretch will converge to (V4; = 1.

Without the loss of generality, the above proof does not restrict to a specific material constitutive model. For any constitutive
model, the strain energy density W is positive definite and is a quadratic homogeneous function. Therefore, the strain energy density W
must be zero with the beam stretch ()4, converging to 1, which is readily represented by Heine theorem as

limW(94) = im w(%4,) =0. (34)
n—oo 041

The physical meaning to decipher the kinematics is that the beam ligament will keep unstretched even if there is a finite external
stretch applied upon the lattice structure. Therefore, a hierarchical lattice structure consisting of an infinite number of orders has no
initial stiffness, which is rigorously proved via Weierstrass M-test and the Squeeze theorem (Ablowitz et al., 2003; Pugh and Pugh,
2002). Finally, the strain energy is proved to be zero with the aid of the Heine theorem.

3.5.2. Principle of stationary potential energy
In search of a general description for a hierarchical order lattice, we herein introduce a group of generalized coordinates g; written
as

(91,92, a3, Gaut @32, @3n) = (D4, D25, WA, v, 2, M1y, 43, (35)

where @41, ®2,, and @5 correspond to the three principal lattice stretches in the i order.
Asindicated in Eq. (6), the motion of a beam ligament could be considered as a uniaxial stretch 7 followed by a rigid body rotation,

with the deformation gradient decomposed as F = AR. Therefore, the location vector and rotation vector for a deformable dynamical
system are formulated on the current configuration as

10
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r=r(g), 0=0(q). (36)

The generalized force is calculated as

SYE Loy ey S

6q -
' 37)
o
. r'/c X F -
dg; oG,
or* o
=T x +7- —(f),
0g; aq;

where r = r¢ + r/¢ and i/° = @ x r'/¢ define the position and velocity of a point i on a continua body rotating about point c, @ = @ is the
angular velocity of the beam ligament, T = S F' is the applied resultant force, and 7 = 1/ x F' is the applied resultant moment
1 1
about point c.
The generalized force of a dynamic system in Eq. (37) implies that both the net force and moment contribute to the virtual work if
an admissible virtual displacement is imposed. The resultant force T can be obtained via Castigliano’s theorem (Timoshenko, 1983),
with the aid of strain energy function defined in Eq. (16), and its contribution to the generalized force is

oW or¢ oW
0 = o dq,  0g; (38)
With regard to the resultant moment 7, its contribution in the generalized force is formulated as
avV 90 oV a0 oV
A S A 39
On account of a uniaxial stress s; applied on the n™ order lattice structure, the virtual work done by the external load U is
8U = 56", (40)
For the entire n order hierarchical lattice, the principle of stationary potential energy yields
s(MW+"v—u)=o, (41)
where the i order strain energy functions @ W and 'V are generalized from Eqs. 16 and 19 as
V3rr? |1 - 1 11 -3
W = A; I =3)+——1,-9) +—— (1, -27 2
W=Arggto|zth 3)+20/13”(f ) + o0z (=27 | (42)

. ! 1 PF
Dy =N " A, 1=—p arccos’ ( K ) (43)
i—p+1 ’
; 2a,3) 7 V30,

where g; is the side length of the i unit cell, g; is the spring stiffness corresponding to the i unit cell, and A; is the number of beam
ligaments in the i order unit cell lattice. It is noticed that the stretching energy @ W is associated with the total number of beam
ligaments A;, whereas the bending energy 'V is associated with the total number of joints A; .1 between the (p + 1)™ order structure
and the p order subsidiary structure. Therefore, a summation over the order p appears in Eq. 43.

The principle of stationary potential energy, which states that the minimum potential energy could be achieved with the desired
solutions, provides a variational approach to this problem (Lanczos, 2012). However, the calculation in higher hierarchical order is
cumbersome, and thus a general algorithm will be implemented to seek the extremum value of the strain energy with some constraint
equations. The potential energy for the entire lattice at the macroscopic order n is chosen as the optimal function such that

min®II = min[®WW + @V — U], (44)

which is subjected to (n—1) kinematic constraint equations in Eq. 27.
Apart from the kinematic constraints, another 2n constraint equations are needed to satisfy the uniaxial stress state such that

11
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Fig. 7. The total strain energy as a function of rotation angle: (a) in a beam ligament, and (b) in the 1% order lattice.
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With the optimal function and its constraint equations well-defined, a gradient-based optimization algorithm is utilized and
performed in MATLAB via the fmincon command.

3.5.3. Calibration of the spring stiffness

The spring stiffness is calculated analytically in Eq. (20) for the linear elastic case. In order to extend to hyperelastic material over
large deformation, the spring stiffness is herein calibrated with the aid of FEM simulation.

The hierarchical rotational spring 4; describes the bending effects between the i order lattice and the subsidiary (i — l)th order
lattice. Namely, there are n spring constants that need to be determined. Firstly, a beam ligament and a 1% order lattice ligament are
modeled in ABAQUS with linear elastic and hyperelastic material properties. In each model, an imposed rotation angle is applied at
two opposite ends as displacement boundary conditions. Then the strain energy curves are fitted to the proposed quadratic function in
Eq. (19), so that the stiffness constant is numerically obtained. The material properties defined in the simulations are given in Table 1.

The strain energy is extracted from ABAQUS simulations and is then normalized to a dimensionless value by dividing the flexural
rigidity EI/L. For a circular beam section with incompressible condition (Poisson’s ratio v = 0.5), the Young’s modulus and moment of
inertia are calculated as

E=2(1+v)u =73y (46-1)
art
1= e (46-2)

For the 0" order beam, the fitted curves for elastic material properties and hyperelastic material properties (Arruda-Boyce model)
are illustrated in Fig. 7a. It is observed that #, = 11.71EI/L for the linear elastic case, which is quite close to the analytical prediction
that g, = 12EI/L in Eq. (20). For the hyperelastic case, the stiffness is fitted as #; = 15.34EI/L, which is higher than the linear elastic
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stretch 5(41) for various beam radii. (b) The stretching energy ratio as a function of applied stretch and beam radius 7(41,7).

prediction. By taking advantage of the FEM-assisted calibration, the linear elastic theory could be readily extended to describe the
hyperelastic material properties.

For the 1% order lattice, it is observed that the stiffness j, is almost as twice much as the stiffness f3;, as indicated in Fig. 7b. This
relation can be analytically derived for linear elastic case, with the help of structural analysis. Regarding the hyperelastic case,
although no analytical solution exists, the doubled stiffness relation is also satisfied. By taking advantage of this observation, we
generalize the phenomenological recurrence relation for hierarchical springs as

15.34E1

b= L ﬂi+l =2p;- (47)

So far, the methodology has been established, and all parameters have been clarified. The numerical verification and experimental
validation of our proposed model will be presented in the next section.

4. Results and discussions

The proposed model is validated by comparing the theoretically calculated results with FEM simulations and experimental results.
Without the loss of generality, the effects of constitutive models, volume fractions, and lattice architectures are discussed, which prove
the feasibility, accuracy, and robustness of our theoretical model.

In the following FEM simulations, all computer-aided design (CAD) models are produced in Solidworks for pre-processing. Af-
terward, the CAD models are imported into ABAQUS for elastostatic analysis. With the aid of lattice architecture symmetry, the
displacements along the normal direction of symmetry planes are prescribed, which are considered as homogeneous Dirichlet
boundary conditions. The external load is applied in the form of an imposed displacement along the stretching direction, which is
considered as a non-homogeneous Dirichlet boundary condition. Quadratic tetrahedral elements with hybrid formulations (C3D10H)
are used for each model. The accuracy and convergence of the FEM results are guaranteed via the comparison with refined meshes. In
post-processing, the effective nominal stress of a unit cell is obtained by averaging the reaction force on the plane where the imposed
displacement is applied.

4.1. Characterization of the bending and stretching behavior

Previous research work stated that a bending-dominated lattice could exhibit stretching-dominated behavior under large tensile
deformation (Jiang and Wang, 2016; Li et al., 2017). This statement was based on phenomenological observation but has not been
explored rigorously. With the help of stretching and bending models introduced in Section 3, the total energy is decomposed into
stretching-induced energy and bending-induced energy. A parameter 7 is defined as the ratio between stretching energy and total
energy, which is written as

W (A, 242, 43)
(1,22, 23) + V(d1, 40, 43)

N1, 42, 23) = W (48)

Given an Octahedral lattice, the stretching energy ratio 5 can be calculated as a function of the applied stretch 4;. The theoretically
predicted stretching energy ratio 7 is illustrated in Fig. 8. Fig. 8a shows that the function of 7 appears in the form of a sigmoid function.
Initially, # is close to 0%, which indicates that the lattice is bending-dominated. As the stretch increases, the ratio 5 increases sharply at
a certain point and then gradually converges to 100%, indicating that the lattice has switched to stretching-dominated. It is also noted

13



Y. Zhang et al. Journal of the Mechanics and Physics of Solids 159 (2022) 104782

a=1mm
r=0.05 mm

Beam Stretch
3.6

c d e
30
—— Theory —— Theory —— Theory
& « FEM o FEM o FEM
X 204 E -
[2] (]
(%]
o E . ]
N
© 104 E -
£
IS i i ]
[e]
zZ
0_ ] -
T T T T T T T T T T T T T T T T T T I ' I ' I ! 1 i I
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Stretch A4 Stretch A1 Stretch A4

Fig. 9. Case studies for Octet-truss lattices using various constitutive models. (a) CAD models of a 3 by 3 by 3 Octet-truss lattice and the corre-
sponding RVE. (b) Contour plot of beam stretch with the sequential stretching process simulated with ABAQUS (with neo-Hookean model). (c-e)
Comparisons between theoretically calculated and FEM-simulated stress-stretch curves with (c) neo-Hookean model, (d) Ogden model, and (e)
Arruda-Boyce model.

in Fig. 8b that the lattice with a larger beam radius is more likely to switch to stretching-dominated under small deformation, and it
will have a wider bending-stretching transition.

4.2. Effects of constitutive models for octet-truss lattices

The effects of constitutive models on the Octet-truss lattices are discussed in this part. The CAD model of a 3 by 3 by 3 Octet-truss
lattice is illustrated in Fig. 9a. A representative volume element (RVE) is partitioned from the periodic lattice. The RVE with side length
1 mm and beam radius 0.05 mm is modeled in ABAQUS. In the post-processing, the sequential stretching process is demonstrated from
the reference configuration to the current configuration in Fig. 9b. The contour plot in Fig. 9b indicates the principal stretch in the
beam ligament. The stress-stretch behavior of the RVE can be addressed with different constitutive models. For each material model,
the theoretical results are compared with the FEM results, which are illustrated in Fig. 9¢ to e. It is observed in Figs. 9c-e that the
proposed model gives an accurate prediction that works well for each constitutive model, which verifies the accuracy and versatility of
the proposed model.

4.3. Effects of volume fractions

The scaling law for cellular lattice structures states that the effective modulus is related to the volume fraction by following a power
law with the index depending on the lattice architectures (Gibson and Ashby, 1999). A bending-dominated lattice can be switched to
stretching-dominated when subjected to large deformation (Jiang and Wang, 2016; Li et al., 2017). There exists a transition that
gradually alters the lattice shape to resist stretching. For low volume fraction scenarios, the bending-induced stress is negligible due to
the dramatically decreasing flexural rigidity of the beam ligament. As the volume fraction increases, the contribution of
bending-induced stress is comparable with the stretching-induced stress. In order to explain the bending-stretching transition, three
Octahedral lattices are studied with the same unit cell size and material properties but different beam radii, shown in Figs. 10ab. The
comparisons of stress-stretch curves between theoretical and FEM results are illustrated in Figs. 10c-e. In three cases (r = 0.02 —
0.08 mm, Figs. 10c-e), the initial stiffness is relatively small at the initial stretch stage (stretch s; = 1 — 1.7) while the stiffness
drastically increases after stretch s > 1.7. The initial small stiffness is because that the extension at the initial stretch stage is due to the
beam alignment with a bending mode; once the beam alignment process completes, the beam begins to under a stretching mode with a
drastically changed stiffness.

For the high volume fraction case (r =0.08 mm, Fig. 10e), the initial beam alignment process can induce a relatively large bending
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Fig. 10. Case studies for Octahedral lattices with different beam radii. (a-b) Contour plot of beam stretch with the sequential stretching process
simulated with ABAQUS for (a) r = 0.02 mm, and (b) r = 0.08 mm. (c-¢) FEM verification of stress-stretch with different beam radii (c) r =
0.02 mm, (d) r = 0.05 mm, and (e) r = 0.08 mm.

stress around the beam corner. To address this issue, we construct the theoretical models in two ways: with or without the bending
model. In the low volume fraction case (r = 0.02 mm, Fig. 10c), the bending model does not produce a significant difference, and the
individual stretching model is able to capture the stress-stretch behavior precisely. However, in the high volume fraction case (r =
0.08 mm, Fig. 10e), neglecting the bending model will compromise the accuracy, while the combination of stretching and bending
models works better compared with FEM results. This verification demonstrates that the proposed model is able to address the mixed
stretching-bending mechanism by superposing two separate models into a general framework.

4.4. Effects of lattice architectures

Next, the effect of the lattice architectures on the stress-stretch behaviors of elastomer lattices is discussed. Three lattice archi-
tectures are studied: Octet-truss (Fig. 9a), Rhombic (Fig. 11a), and Octahedral (Fig. 11b). The side length of the RVEs is 1 mm, and the
beam radius is 0.05 mm (Figs. 9a and 11ab). The CAD models of two RVEs are imported into ABAQUS for structural analysis with the
Arruda-Boyce model. In the post-processing, the sequential stretching processes for lattice RVEs are demonstrated from the reference
configuration to the current configuration (Figs. 9b and 11cd). In Fig. 11e, three lattice architectures are modeled with the identical
beam radius r = 0.05 mm, and the corresponding volume fraction for Octet-truss, Rhombic, and Octahedral lattices are calculated as
11.32%, 15.84%, and 4.92%, respectively. It is observed that the stiffness of lattice architecture increases with increasing volume
fraction, because the high-volume fraction lattice results in high nominal stress under the same stretch.

In contrast, in the case study in Fig. 11f, three lattice architectures are modeled with identical volume fraction 4.92% (the volume
fraction of Octahedral lattice used in Fig. 11b) but different beam radius. The volume is calculated in Solidworks, and the corre-
sponding beam radii for Octet-truss, Rhombic, and Octahedral lattices are 0.0318 mm, 0.0265 mm, and 0.05 mm, respectively. As
opposed to the case study of identical beam radius in Fig. 10e, three lattice architectures of identical volume fraction exhibit similar
stress-stretch behavior over large deformation (i.e., stretch higher than 2.5). It is only during the small deformation region that the
lattice architecture has a considerable impact on the stress-stretch behavior. This phenomenon could be described as that all lattice
architectures are stretching-dominated over a large deformation, during which the beam members are uniaxially stretched with
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Fig. 11. Case studies for elastomer lattices with various architectures. (a) CAD models of a 3 by 3 by 3 Rhombic lattice and the corresponding RVE.
(b) CAD models of a 3 by 3 by 3 Octahedral lattice and the corresponding RVE. (c) Contour plot of beam stretch with the sequential stretching
process simulated with ABAQUS for Rhombic lattice. (d) Contour plot of beam stretch with the sequential stretching process simulated with
ABAQUS for Octahedral lattice. (¢) FEM verification of stress-stretch curves for three lattice architectures with identical beam radius r = 0.05 mm.
(f) FEM verification of stress-stretch curves for three lattice architectures with identical volume fraction 4.92%.

negligible flexural behavior. During the relatively small deformation region, the ratios between stretching energy and total energy
(stretching and bending) follow a sequence

nOmet > NRnombic > ”0L'mhedml' (49)
Therefore, the stress responses of the lattices follow a sequence Octet > Rhombic > Octahedral within the stretch of 1-2.5 (inset of
Fig. 11f).

4.5. Effects of non-symmetric geometry and deformation

The numerical simulations in the previous sections mainly focus on the uniaxial stretching of symmetric lattices. This section will
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Fig. 12. Tension of a non-symmetric diamond lattice. (a) CAD models of the non-symmetric diamond lattice RVE. (b) Contour plot of beam stretch
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demonstrate that the proposed method is also capable of explaining the behaviors of elastomer lattices with non-symmetric geometries

and under non-symmetric deformations.
In a general case, the deformation gradient is written as a superposition of stretching and shearing, as

ox At Finoo Fis
F= X Fy A Fau |, (50)
Fy e A3

where /; denotes the stretch in the i direction, and Fj; = tan6j denotes the tangent of angle change 6; on the x; — x; plane.

Given the deformation gradient, the beam stretch 7 is calculated via Eq. (4) as

72 =VN-CN=VN-FEN. (51)
Without loss of the generality, a material constitutive model W associated with the first invariant of the right Cauchy-Green tensor
fl is writtenas W = /W(fl ). Thus, the first Piola-Kirchhoff (PK1) stress for a beam is obtained via the work-conjugate relation and chain

rule as

~ oW dWdl, 04 _~/, o~
P=—=———~_-=2W (1-4 )FN®N, (52)
oF d], di oF ( )
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Fig. 13. Pure shear of an orthotropic cubic lattice. (a) CAD models of a cubic lattice RVE. (b) Contour plot of beam stretch with the sequential
deformation process simulated with ABAQUS. (c) Theoretical and numerical results of PK1 stress vs Cauchy strain curves in three loading directions.
(d) Theoretical and numerical results of PK2 stress vs Green-Lagrange strain curves in three loading directions.

— ~ a2 1
where W is the derivative of the strain energy function, and I; = 4 — 24 in Eq. (14) is the first invariant of the right Cauchy-Green

tensor featuring the uniaxial stretch along the beam axial direction.

The above homogenization could be applied to other stress and strain measures. For instance, the Green-Lagrange strain is

expressed as

1, - 1
Efz(F F—I)fz(C—I). (53)
The beam stretch 7 in Eq. (51) is written with respect to the Green-Lagrange strain E as
7=V2N-EN+ 1. (54
Thus, the second Piola-Kirchhoff (PK2) stress for a beam is obtained via the work-conjugate relation as
~ OW AW dl, 02 o,
T=_W___1_=2w(1—/13)N®N. 55

0E ~ d], di JE

The stress-strain relations have been established in different measures, as indicated in Egs. (52) and 55. In the following sub-
sections, we will study the tensile deformation of a non-symmetric diamond lattice (Section 4.5.1) and the shear deformation of an

orthotropic cubic lattice (Section 4.5.2).
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4.5.1. Tension of a non-symmetric diamond lattice

In this section, a non-symmetric diamond lattice is presented with different beam diameters in each direction. The CAD model and
geometry details are illustrated in Fig. 12a, and the simulated sequential stretching processes for diamond lattice RVE are demon-
strated from the reference configuration to the current configuration in Fig. 12b. The comparisons between the FEM simulation and
theoretical modeling of PK1 stress vs stretch and PK2 stress vs Green-Lagrange strain are illustrated in Figs. 12cd, respectively.
Because the beam diameter in the x; direction is the smallest and in the x5 direction is the largest, the stiffness also follows the sequence
as P11 < Pyy < P3zand Tq; < Top < T33. Asshown in Figs. 12¢d, our theoretical modeling results agree well with the FEM results of the
stress-strain behaviors of this non-symmetric lattice.

4.5.2. Pure shear of an orthotropic cubic lattice

In this section, an orthotropic cubic lattice under pure shear deformation is studied. The CAD model and geometry details are
illustrated in Fig. 13a, and the simulated sequential deformation processes for cubic lattice RVE are demonstrated from the reference
configuration to the current configuration in Fig. 13b. By eliminating the rigid body rotation, the shear components of the deformation
gradient coincide with the Cauchy strain as F; = ¢;. The comparisons between the FEM simulation and theoretical modeling of PK1
stress vs Cauchy strain and PK2 stress vs Green-Lagrange strain are illustrated in Figs. 13cd, respectively. Because the beam diameter
on the x5 — x3 plane is the smallest and in the x; — x» plane is the largest, the stiffness also follows the sequence as Py3 < P3; < P12 and
Ta3 < T31 < T1o. It is observed that the theoretical model could accurately predict the stress-strain behavior by comparing with FEM
results (Figs. 13cd).

4.6. Effects of hierarchical orders

The theoretical model has been verified for the first-order lattice architectures in Sections 4.2 to 4.5. This section will focus on the
theoretical modeling and experimental verification for hierarchical Octahedral lattices. The previous study demonstrated the fabri-
cation and experimental testing of hierarchical lattices (Li et al., 2017), and their experimentally measured stress-stretch curves will be
compared with our theoretical model. First, the data collected from the stress-stretch curve for the 0% order lattice is fitted to the
Arruda-Boyce model to obtain the material constants as y, = 22.50 kPa and A, =1.69. Then, the theoretically predicted stress-stretch
curves are obtained with the above-mentioned MATLAB algorithm and compared with the experimental data, which are illustrated in
Fig. 12. It is observed that the bulk material, which is considered the 0" order structure, ruptures when stretch reaches 3.5. With the
aid of enhanced flexibility in higher-order lattice, the lattice ruptures at 1 ~ 5 for the first order lattice and 1 =~ 7.1 for the second-order
lattice.

Limited by the manufacturing technique, it is challenging to have high-order lattice order lattice realized and tested experimen-
tally, especially for the order higher than three. Nevertheless, exploring the mechanical behavior of fractal-like multiscale lattice is still
of interest to both engineers and researchers. Therefore, the algorithm mentioned in Section 3.5 is applied to the 0™, 15, 2nd 3rd  gth,
5% order lattice. The material property is given in Table 1 (with the Arruda-Boyce model). The geometry information of the 1 order
lattice is illustrated in Fig. 11b. It is assumed that each order has the identical material property and volume fraction. The algorithm is
looped with incremental applied stress s; until the local beam stretch reaches (¥4; = 5, at which we assume the material rupture and
thus terminate the iteration. The stress-stretch curves for various orders lattice are illustrated in Fig. 15a, which is in accordance with
the statement that the higher-order is more compliant and gradually reduces to zero stiffness. Note that the x-y axis in Fig. 15a is logs
vs linear.

During the stretching process, the Octahedral lattice exhibits a positive effective Possion’s ratio. Namely, 915, ¥13 < 1 when 94,
> 1. Moreover, it is noted in Fig. 10 that the lattice will contract in the lateral direction and thus the cross-sectional area almost
collapses to zero when subjected to a large stretch, which is mathematically written as @1,, 13 ~ 0. Therefore, the kinematic
compatibility condition in Eq. 29 can be approximated as

), 380, (56)

which states that the relation between global lattice stretch ™ 1; and local beam stretch (94, can be approximated as a power function.
This relation is also a reference to verify the accuracy of the numerical results presented in Section 3.5. In the case studies, we choose
the beam stretch 92, = 2, 3, 4, 5 as four different cases. To reach the given beam stretch (%)4;, each hierarchical order lattice cor-
responds to a different global lattice stretch (™ ;. The global lattice stretch (™1, is plotted as a function of lattice hierarchical order n
under various given beam stretches (%) 1; in Fig. 15b, where the numerical results from MATLAB simulation and theoretical prediction
in Eq. 56 are presented. It is observed that, under a given beam stretch, the higher-order lattice exhibits more compliance, and the
numerical results match well with the proposed theoretical calculations in Eq. 56.

In addition, because the material property and volume fraction are identical in each hierarchical order lattice, the stretching strain
energy for each hierarchical order lattice should be identical under the same beam stretch (%) 1,. This is a useful criterion to verify the
feasibility and accuracy of the proposed numerical algorithm. The stretching energy of 07 order lattice is calculated via Eq. 11, which
can be used to compare with the stretching energy of high-order lattice. The stretching energy is plotted as a function as beam stretch
for lattice hierarchical order ranging from 0 to 5 in Fig. 15¢, where the 0. order lattice energy is obtained analytically via the Arruda-
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Fig. 16. Using the proposed theoretical model to explain Poisson’s ratios. (a-d) Schematic illustration of lattice architectures and the corresponding
RVE geometry for (a) v = 0.2, (b) v = 0.4, (¢) v = 0.6, and (d) v = 0.8. (e) The comparison between the experimentally measured Poisson’s ratios
and theoretically calculated results.

Boyce model in Eq. 5, and other higher-order lattice energy is obtained numerically via the nonlinear optimization algorithm in
MATLAB.

Note that the results for high-order hierarchical lattices shown in Fig. 15 are theoretical predictions that may inspire future
experimental investigations. For 2D hierarchical lattices, the existing studies showed structures with the 4™ hierarchical order (Ajdari
et al., 2012; Haghpanah et al., 2013; Mousanezhad et al., 2015; Oftadeh et al., 2014a; Oftadeh et al., 2014b). However, for 3D hi-
erarchical lattices, the existing studies only demonstrated structures with the 3™ hierarchical order (Li et al., 2017; Meza et al., 2015;
Zheng et al., 2016). More explorations for 3D lattices with higher hierarchical orders are needed in the future research.

4.7. Study Poisson’s ratio of elastomer metamaterials

To further verify the capability of the proposed theoretical model, we show a case study using the proposed theory to calculate the
Poisson’s ratios of elastomer metamaterials. Inspired by Origami and Kirigami, a large number of metamaterials are designed and
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manufactured with remarkable and designated mechanical properties (An et al., 2020; Lin et al., 2020). With the aid of topology
optimization, previous research reported that a programmable lattice could be designed with an effective Poisson’s ratio ranging from
—0.8t0 0.8 (Clausen et al., 2015; Wang et al., 2014). We herein choose four cases and use a network of straight beams to approximate
their spiral beam members, with v = 0.2, v = 0.4, v = 0.6, and v = 0.8, respectively. The schematic illustration of four lattice ar-
chitectures and the corresponding RVEs is demonstrated in Figs. 16a to d. The comparison of Poisson’s ratio between the proposed
theoretical model and experimental data in the literature is demonstrated in Fig. 16e. Results in Fig. 16e demonstrate that our
theoretical model of the elastomer lattice can explain the Poisson’s ratios of the experimentally fabricated elastomer metamaterials in
others’ works (Clausen et al., 2015; Wang et al., 2014).

5. Concluding remarks

This paper presents a theoretical framework to understand the stress-stretch behavior for elastomer lattices over large deformation.
In order to theoretically understand the mechanics of lattices, two distinct deformation models are considered, including the stretching
and bending modes during the deformation. The stretching is described by the axial elongation of beam ligaments, while the bending is
characterized by the rotation of beam ligaments. Both axial elongation and rotation can be associated and obtained with the defor-
mation gradient of the macroscopic lattice. The potential energy function for the lattice RVE is constructed regarding the two
deformation modes and is decomposed into stretching energy and bending energy. The proposed theory is then followed by a general
model for hierarchical lattices. According to the principle of virtual work, the generalized forces in a deformable continuum are
obtained. The minimum strain energy can be found with the aid of a nonlinear optimization algorithm. Having been theoretically
analyzed and numerically implemented in MATLAB, several case studies are performed and compared with FEM results and experi-
mental data in the literature. The accuracy of the theoretical model has been verified with high-fidelity simulations in ABAQUS. The
comparisons demonstrate that the model is capable of describing the stress-stretch behavior for lattices with various material
constitutive models, volume fractions, and lattice architectures, which successfully confirm the accuracy and robustness of the pro-
posed model. The predictions for hierarchical lattices and programmable metamaterials also match with the existing experiments in
the literature.

The highlight of this research work is that it provides an analytical tool to quantify the stretching and bending behaviors for
elastomer lattices over large deformation. With this model, the mechanical performance of stretchy elastomer lattices is theoretically
understood and characterized. Furthermore, this work presents a framework for hierarchical lattices based on generalized coordinates
and generalized forces in analytical dynamics. Therefore, this mechanical problem is converted to a geometry problem in a higher
dimensional Riemann space. Without doing cumbersome hand calculations, a non-linear optimization algorithm is incorporated to
find the minimum potential energy subjected to holonomic constraints. From a more in-depth perspective, this procedure is identically
considered as looking for a geodesic in the configuration space. Overall, this work proposes an accurate and robust theoretical
framework to predict the mechanical behavior of lattice structures with the minimum computational cost. This work is not limited to
analyzing the existing lattice architectures but also has the potential of designing and predicting metamaterials toward the desired
criterion.

The key idea of the proposed model is motivated by the polymer networks. In the polymer network scale, the free energy of one
polymer chain is written in terms of a probability density function (Rubinstein and Colby, 2003; Treloar, 1975). Take the Arruda-Boyce
model as an example (Arruda and Boyce, 1993), the free energy of the polymer chain is described with the Langevin chain model, and
the connection between the macroscale deformation and the microscale chain stretch is established using a body-centered cubic
structure. In the lattice model in this paper, if the stretching energy of the beam is also described by Langevin model and the bending
energy is removed, our model should be equivalent to the Arruda-Boyce model.

Despite the great features, this model may not be suitable for capturing some complex behaviors, such as snap-through, snap-back,
buckling, and fractures, which apparently do not follow the affine deformation pattern. Besides, because this theory is modeled with
one-dimensional structural beam members, it focuses on the global force-displacement behavior but cannot address the stress dis-
tribution and concentration around complex joint areas.
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Appendix A. Hyperelastic Constitutive Models

The strain energy functions and nominal stress-stretch behaviors of the elastomer under plane-stress tension are given in the
section. The strain energy of the neo-Hookean model is written as

W(A1, 22, 23) :g(ﬁ+z§+z§f3)7 (A-1)

where 11, 12, and 13 are three principal stretches, and x is the shear modulus. The nominal stress-stretch of an incompressible elastomer
under uniaxial tension is derived as

s=u(A—17), (A-2)
where s is the nominal stress and 4 is the uniaxial stretch.
The strain energy of the first-order Ogden model is written as
— % a aj ay
W(/117/127/13) - @ (ll +/12 Jr/12 3)7 (A'B)
1

where p; and a; are two parameters. The nominal stress-stretch of an incompressible elastomer under plane-stress tension is derived as

«
4

s=H [ mer g (A4
ay
The strain energy of the Arruda-Boyce model is approximated by Taylor expansion, which is written as
Wk da2s) = |2 (I~ 3) + s (B —9) 4 — (1~ 27) |, (A5)
e 2 2022 10502% ’

where I = A3 + )2 + /2 and 1, is the parameter to indicate the limiting stretch. The nominal stress-stretch of an incompressible
elastomer under uniaxial tension is derived as

(=4[ 1+ Loy Uk (A-6)
5= — _ . -
A= 4 5221750

Appendix B. Validation of the Affine Deformation Assumption

The kinematic analysis presented in the theoretical model postulates an affine deformation of the unit cell. Namely, the defor-
mation of the beam ligament follows the same pattern as the homogenized unit cell. Given a deformation gradient applied upon the
unit cell, the stretch and direction of a beam ligament can be fully determined via Eqgs. (4)-5, respectively. In order to check the validity
of the affine deformation assumption, the stretch 1 and the directional cosine vector n of representative beams are computed
analytically and compared with FEM results.

For a representative beam ligament with two ends denoted by nodes A and B, the nodal location vectors of A and B during the

deformation are extracted from ABAQUS as x4 and xp. Therefore, the stretch 7 and directional cosine vector n are numerically
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Fig. B1. Verification of the affine deformation assumption for the Octet-truss lattice. (a) CAD model of an Octet-truss unit cell and two

representative beams. (b) Verification of stretch 7 of beams I and IL (c) Verification of directional cosine vector components for beam I. (d)
Verification of directional cosine vector components for beam II.

calculated as

-~ [ |XB — XAl
—_ 125 Al B-1
v I 7 (B-1)
n= 2% (B-2)
[x — Xa|

The numerical results in Egs. B-1 and B-2 are obtained from ABAQUS and used to verify the analytical results in Egs. (4)-5. The
following efforts will focus on the validation of three different lattice architectures: Octet-truss lattice (Fig. B1), Rhombic lattice
(Fig. B2), and Octahedral lattice (Fig. B3).

B.1 Octet-truss Lattice

B.2 Rhombic Lattice

B.3 Octahedral Lattice
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Appendix C. Potential Energy Function for Lattice Structures

In Section 3, we only present the potential energy function for an Octahedral lattice with the Arruda-Boyce model. The potential
energy functions for other lattice architectures coupling various constitutive models are given as follows.

C.1. Octet-truss Lattice

e With neo-Hookean model:

2 32 32 32
Wi, da,43) = ”’2’% 847+ 813 +81% + + + -72/. (C-1)
V2a V2428 (212 (2R 2R
e With Ogden model:
a2 [, 1N\ 1, 1N\ 1, 1,\F
W(Ai, A2, 43) = NP ;a—; 8(5/1I +§/12> + 8(5/12 +§/13> + 8(513 +§/1])
(C-2)

P

12 12 7(%,, 12 12 o
H16( 5+ ) +16(4h+58E) 16

e With Arruda-Boyce model:
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C.2. Rhombic Lattice
e With neo-Hookean model:
2 1 1 1
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C.3. Octahedral Lattice
e With neo-Hookean model:
W (A, A2, a) = \fa”f ’% [8 (13—1) +16 (%‘) "t 24} . (C-7)
o With Ogden model:
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