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This work investigates the energy absorption capacity of polymeric lattice structures
through a systemic manufacturing, testing and modeling approaches. The lattice structures are designed to possess periodic cubic geometry with optimized spherical shells
located at the cubic corners, and thermoplastic polyurethane (TPU) powders are used
to fabricate such structures via selective laser sintering, a type of powder-based 3D printing technology. A hyperelastic model that considers the mullins eﬀect and describes the
cyclic compression stress–strain behavior of TPU is developed to simulate the mechanical
response of its 3D-printed lattice structures under cyclic compression loading. After the
validation of the model for printed structure, it is used to predict the energy absorption
capacity of various designed structures.
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1. Introduction
Lattice structures composed by periodic or stochastic arrangements of unit cells can
oﬀer unique functional characteristics allowing design freedom beyond the capability of bulk materials [Zheng et al., 2014; Chen et al., 2015]. By selection of cell
topologies, geometrical parameters and materials, such structures can address a
range of structural requirements from high compliance to high speciﬁc strength.
Therefore, these structures attract great interests from researchers. In the recent
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years, additive manufacturing (AM) [Chua et al., 2010; Roberson et al., 2013; Cruz
Sanchez et al., 2014; Yap and Yeong, 2014; Khoo et al., 2015; Yap and Yeong, 2015;
Bos et al., 2016; Francis and Jain, 2016] provides an exceptional opportunity for
the manufacture of these structures with complex conﬁgurations.
The mechanical behavior of lattice structures constituted by truss-based unit
cells has been extensively investigated in the last decade. Plenty of materials such
as metals, polymers and ceramics are used to fabricate such structures. Depending
on its geometric topology, the unit cell can exhibit stretch-dominated or benddominated behavior under compression loading. The ﬁrst stage of stress–strain
behavior under compression exhibits a linear elastic response and is followed by
a stress plateau or a slight drop induced by the buckling of trusses. After the neighboring trusses meet and touch, the densiﬁcation causes the stress to increase steeply.
With the knowledge of the stress and strain, the energy absorption capacity and the
failure modes can be studied. The absorbed energy per unit volume in the loading
process is the area under the stress–strain curve. The investigation results of energy
absorption can be used to guide the structural design and the optimization for a
high capacity of energy absorption [Avalle et al., 2001; Hammetter et al., 2013;
Mazur et al., 2016; Ozdemir et al., 2016].
A new group of soft lattice structures was designed to possess periodic geometry
of spherical shells which could be arranged in the patterns of simple cubic, bodycentered cubic or face-centered cubic [Babaee et al., 2013]. Soft rubber is used
in the manufacture so that these structures have excellent behavior of recovery
after the unloading. The structure with body-centered cubic pattern exhibited a
unique behavior of negative Poisson’s ratio under compression, which was also called
auxetic behavior. It was attributed to the local buckling of spherical shells. The
instability-induced pattern transformation of periodic structures was also used in
the application of controlling the propagation of sound wave [Casadei and Bertoldi,
2014; Shim et al., 2015; Babaee et al., 2016].
However, the aforementioned investigations on the energy absorption have
mainly conducted for the truss-based structures, but rarely reported for the
spherical-shell ones. In fact, the energy absorption behavior of spherical-shell structures made of soft materials is repeated due to the excellent recoverable performance
under cyclic compression. In order to reduce the above gap, it is necessary to provide
a proper model to predict the mechanical behavior of these structures. It can be
used to optimize diﬀerent types of designs for high-performance energy absorption.
The present paper focuses on the energy absorption capacity of polymeric lattice
structures possessing periodic cubic geometry with spherical shells located at the
cubic corners. Thermoplastic polyurethane (TPU) [Feng and Ye, 2011; Plummer
et al., 2012; Vasquez et al., 2014; Yuan et al., 2016b] with excellent elongation at
break and high recoverable performance under cyclic loading is used to fabricate
such structures through selective laser sintering (SLS) [Tan et al., 2005; Maekawa
et al., 2012; Bai et al., 2014, 2015; Joshi and Sheikh, 2015; Hung et al., 2016; Tan
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et al., 2016a; Tan et al., 2016b], a type of powder-based three-dimensional (3D)
printing technology. A hyperelastic model considering the mullins eﬀect is develop to
describe the cyclic compression behavior of TPU. This model is used to simulate the
cyclic compression behavior of lattice structures. After the validation of this model
through cyclic compression testing of 3D-printed structure, the energy absorption
capacity is studied by this numerical method. The eﬀects of compressive strains and
geometric parameters of spherical shells are also investigated.
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2. Designs and 3D Printing
The schematic view of lattice structures is illustrated in Fig. 1(a). The fundamental
unit is a spherical shell with holes, half of which is shown in Fig. 1(b). The simple
cubic pattern, one spherical shell located at each corner of the cubic, is employed
in this study.
For a spherical shell, the outer radius R0 and inner radius R1 are two important
geometric parameters, as indicated in Fig. 1(b). The porosity of a spherical shell is
controlled by both radii, deﬁned as
φ=1−

Vu
,
Vs

(1)

where Vu and Vs are the volumes of the spherical shell and intact sphere respectively.
For the whole lattice structure, the numbers of layers of spherical shells in the x-,
y- and z-directions are set as 5, 6 and 3 in this study. The distance l between the
centers of two adjacent shells is the last parameter to determine the geometry. The
global porosity of the lattice structure is deﬁned as
φg = 1 −

Vl
,
V

(2)

R1
6 layers

l

y

x

l

R0

5 layers
(a)
Fig. 1.

(b)

Schematic views of (a) spherical-shell lattice structure and (b) half of the spherical shell.
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Table 1.

Geometric parameters of various lattice structures.

Design

l (mm)

R0 (mm)

R1 (mm)

φ

φg

A
B
C
D
E
F
G
H

11.578
11.578
11.578
11.578
11.578
11.578
11.578
11.578

6.052
6.052
6.052
6.052
6.052
6.052
6.052
6.052

5.696
5.052
4.612
4.230
3.883
3.415
3.028
2.552

0.918
0.781
0.715
0.658
0.600
0.540
0.500
0.457

0.957
0.880
0.838
0.805
0.783
0.737
0.713
0.688

where Vl is the total volume of the lattice structure and V is the volume of the
cuboids containing the whole structure. This porosity is diﬀerent from that of spherical shells due to the simple cubic pattern.
In order to consider the eﬀect of porosity, various designs of spherical shells with
diﬀerent inner radius R1 are studied, the parameters of which are listed in Table 1.
The other two parameters R0 and l are ﬁxed for simplicity. Two porosities for these
designs are calculated, as listed in Table 1.
The material TPU is used to fabricate such structures. Generally, this material
represents a class of randomly segmented copolymers consisting of hard and soft
segments at the room temperature. The hard segments are acting as the physical
crosslinks, which are immersed in the soft segment matrix. The combination of two
types of segments imparts the material mechanical performance, resulting in the
extensive applications in the industries. In this study, TPU powders (DESMOSINT
X92) used for laser sintering are purchased from BASF Germany. Its density is about
0.65 g/cm3 and the melting temperature is around 150◦ C. Design E in Table 1 is
produced by SLS on EOS P395 system (EOS GmbH Munch, Germany). The process
parameters listed in Table 2 are optimized considering the size range, the input
energy of melting and recrystallization behavior in the manufacture. The double
contour and edge controls are applied in order to improve the dimensional accuracy
and retain the edge features. After the laser sintering, the post-processes via sandblasting and ultra-sonication are used to remove the residual powders on the internal
surfaces. More details are presented in the works of Yuan et al. [2016a, 2016b].
Table 2.

Laser sintering parameters.

Process parameter
Laser power
Hatching (W)
Contour 1, Contour 2 (W)
Edge 1, Edge 2 (W)
Other parameters
Scanning speed (mm/s)
Hatching spacing (mm)
Bed temperature (◦ C)
Chamber temperature (◦ C)
Layer thickness (µm)
1640006-4
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3. Numerical Simulation

The uniaxial compression testing of the material TPU are conducted under room
temperature to obtain the stress–strain behavior. Cylindrical sample with the
diameter of 15 mm is subjected to loading-unloading cycles in its axial direction.
A small loading rate, 5 × 10−4 s−1 , is used in four cycles to make sure that the
time dependence is not signiﬁcant. The maximum nominal strain for each cycle is
εmax = 0.25, as shown in Fig. 2. It is worth noting that the hysteresis phenomenon
in each cycle is obvious, illustrating that the energy absorption due to the frictional
sliding between the long molecules. The last three curves are close to each other
and the curve of the fourth cycle is used to calibrate the material parameters in the
constitutive model.
In this study, the constitutive model proposed by Qi and Boyce [2005] is not
used due to its complexity. Alternatively, the common hyperelastic model combined
with the mullins eﬀect is adopted to simulate the hysteresis behavior of the stable
stress–strain curve. The polynomial strain energy potential with order one is used
as follows:
U = C10 (I¯1 − 3) + C01 (I¯2 − 3),

(3)

where C10 and C01 are material parameters determined by the uniaxial compression
testing; I¯1 and I¯2 are the ﬁrst and second deviatoric strain invariants, respectively.
The volume incompressibility is assumed. For this material, the transition temperature is about −40◦ C and the melting temperature is about 150◦ C, which indicates
14
Compression nominal stress (MPa)
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3.1. Constitutive models
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0

Fig. 2.
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TPU material cyclic compression stress–strain curves.
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that the material is in rubbery state under the room temperature emphasizing that
the assumptions are reasonable. The model for the mullins eﬀect was developed
by Ogden and Roxburgh [1999] to describe the stress softening of materials under
cyclic loading. A damage variable, ranging from 1 to 1, is deﬁned to modify the
strain energy potential in the hyperelastic model and varies continuously during
the loading process.
The common hyperelastic model and the mullins eﬀect model have been implemented in the ﬁnite element packages Abaqus (Version 6.13, 2016). There is no need
of coding to implement both models. Figure 2 illustrates the comparison between
the experimental and numerical results. In the testing, the material cannot recover
completely after the unloading. Small residual strain is observed, which is called
permanent set. Although the model cannot capture this behavior, it gives a good
prediction of material stress–strain behavior under cyclic loading.
3.2. Finite element model
The nonlinear commercial ﬁnite element package Abaqus is employed to simulate the
compression behavior of lattice structures. Due to the symmetry, only one eighth
of the whole structure is modeled. The symmetrical boundary constraints in the
x-, y- and z-directions are applied on the corresponding surfaces. A rigid plane is
built on the top of the structure as the compression plate. The contact between
the rigid plane and the structure is deﬁned using the master–slave algorithm for
contact between surfaces. The rigid plane is deﬁned as the master surface and part
of the surfaces of lattice structures are deﬁned as the slave surface. The default
hard contact is used for the normal behavior and the friction between the contact
surfaces is ignored. Besides, a general contact interaction is deﬁned to model the
possible self-contact between the diﬀerent spherical shells under the compression.
Four-node linear tetrahedron element with hybrid formulation is employed for the
volume incompressibility assumption. The mesh convergence of the simulation is
conducted by trial and error method to obtain the stable numerical results. The
ﬁnal mesh size is about 0.4 mm and the total number of elements of each design is
around 200,000.
In the simulation, the vertical displacement was applied on the reference point
of the upper rigid plane. Due to the vertical symmetry, this displacement is half of
the experimental value. The reaction force of this reference point is a critical result,
which represents the force on the lattice structures. The total force is four times
the reaction force obtained from the simulation. Another result is the total energy
absorbed during the cyclic loading, which can be calculated from the simulation
result multiplied by eight.
It is worth noting that the buckling phenomenon of the lattice structure is not
observed in the testing. Two main reasons may be attributed: (a) the simple cubic
pattern inhibits the rotation of each spherical shell; (b) the ﬁnite boundary will
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depress the occurrence of buckling. No plateau is found in the load-displacement
curves obtained from the testing, which validates the nonexistence of buckling.
Therefore, the buckling and post-buckling analyses are not included in the
simulation.

4. Results
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4.1. Modeling verification
The compression testing of the 3D-printed lattice structure (Design E) is used to
validate the modeling. The cyclic loading with a small loading rate of 1.5 × 10−3 s−1
is applied in the y-direction of the structure, as shown in Fig. 3(a). The maximum
compression displacement is set as about 17 mm to ensure that the maximum nominal strain is 25%. The deformation of the structure under the maximum loading
is illustrated in Fig. 3(b). Nearly all the spherical shells have identical shapes after
deformation. The dimension shrinkage is not observed along the x-direction, which
is diﬀerent from that reported by Babaee et al. [2013]. The force–displacement
data for four cycles are illustrated in Fig. 4. Under this strain rate, the diﬀerence is of insigniﬁcant between these curves. It should be noted that the area
surrounded by the loading and unloading paths is the energy absorption in one
cycle.
The predicted results of the load–displacement curve are compared with the
experimental data, as depicted in Fig. 4. Some deviations occur in the last half
portion of loading process and the ﬁrst half portion of unloading process. The manufacturing errors of SLS may be a reason for this. The maximum forces of the fourth
cycle and the calculated results are around 440 N and 490 N, respectively, leading
to a deviation of about 10%. The model provides a reasonable prediction of the
cyclic compression behavior of the lattice structure.

(a) ε = 0
Fig. 3.

(b) ε = 0.25

Experiment at two times in one cycle for Design E.
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Comparison of load–displacement curves for Design E.

4.2. Energy absorption
4.2.1. Eﬀect of strain
The eﬀect of strain on the energy absorption is analyzed numerically for these lattice
structures. Due to diﬀerent volumes or masses for the designs, the energy absorption
per unit volume is used instead of the total absorbed energy, deﬁned as

F du
Wd
1 cycle
=
,
(4)
ψ=
V
V
where Wd is the total absorbed energy in one cycle. Variables F and u are the force
and displacement, respectively. The energy absorption capacity at diﬀerent strain is
calculated and the results of Designs E and H are illustrated in Fig. 5. The maximum
values of energy absorption per unit volume are 0.00494 and 0.01866, respectively.
The relation between the energy absorption and the strain is nonlinear. When the
compression strain is below 0.1, the increase of energy absorption is not signiﬁcant.
However, the energy absorption capacity increases quickly as the strain exceeds 0.1.
Even though the magnitudes of energy absorption capacity are diﬀerent for various
designs, the trends as a function of strain are similar to each other.
4.2.2. Eﬀect of porosity
The capacities of energy absorption are compared at the maximum strain 25%. The
lattice structures are compressed to the same nominal strain. It should be noted
that the materials are easier to move due to the more volume of voids for the
structures with higher global porosity. The strength of whole structure decreases
1640006-8
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Fig. 5.

Absorbed energy per unit volume as a function of strain for two designs.

with increasing porosity, which reduces the reaction force under the same maximum
strain. As reported by Zheng et al. [2014], the traditional stretch-dominated lattice
structures exhibit a linear relationship between the relative strength and relative
density, σ/σs ∝ ρ/ρs , where ρ and ρs are densities of the lattice structure and bulk
material respectively and similar deﬁnitions for stresses σ and σs . In this study, the
porosity has a linear but reverse relationship with relative density, in other words,
φg = 1 − ρ/ρs . The forces of eight designs are depicted as a function of porosity in
Fig. 6. A polynomial function is used to ﬁt this data:
F ∝ (1 − φg )3 .

(5)

The ﬁtting shows that the strength of the spherical-shell lattice structures is more
sensitive to its porosity than that of the traditional stretch-dominated ones.
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300
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Energy absorption
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Fitting curve
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Fig. 6.

Evolutions of energy absorption per unit volume and force as a function of porosity.
1640006-9

2nd Reading
December 14, 2016 15:41 WSPC-255-IJAM S1758-8251 1640006

Int. J. Appl. Mechanics 2016.08. Downloaded from www.worldscientific.com
by NANYANG TECHNOLOGICAL UNIVERSITY on 02/24/17. For personal use only.

F. Shen et al.

The energy absorption per unit volume decreases as the porosity increases, as
shown in Fig. 6. The demand of light weight is conﬂictive with that of high capacity
of energy absorption. Another trend is that the rate of decrease becomes small.
The change of energy absorption with the increase of porosity is insigniﬁcant as
the porosity is high. The maximum value of energy absorption per unit volume is
about 0.02 mJ/mm3 . It is necessary to emphasize that this result is obtained under
quasi-static cyclic loadings and no failure happens, which is quite diﬀerent from
the impact testing [Stupak and Donovan, 1994; Ramakrishna et al., 1995; Morye
et al., 2000; Wang et al., 2015; Xiang et al., 2015; Ding et al., 2016]. If the lattice
structures are compressed up to failure, the absorbed energy is deﬁned as the area
below the loading curve, which is greater than that surrounded by the loading and
unloading curves. However, the structures cannot be used again after failure. In this
study, the spherical-shell lattice structures are able to recover after the unloading,
which indicates the repeated energy absorption of such structures.

5. Conclusion
The energy absorption capacity of spherical-shell lattice structures under cyclic
compression loading is investigated through both experimental and numerical
approaches. Such structures are constructed by periodically cubic arrangement of
spherical shells and their radii are determined by the optimized design. TPU powders are used to manufacture the lattice structures via 3D printing. A hyperelastic
model that considers the mullins eﬀect is developed to describe the cyclic compression stress–strain behavior of TPU, which is used to simulate the cyclic compression behavior of lattice structures. The cyclic compression testing of the 3D-printed
structure is conducted in order to validate the model. After that, the energy absorption capacity of various designed structures is predicted.
The present study provides a simple and eﬀective method for the investigation of
energy absorption capacity of 3D-printed lattice structures. The prediction shows
a strong nonlinear relationship between the energy absorption capacity and the
compression strain. Moreover, a cubic-like relationship between the compression
force and the porosity is observed, which indicates that the strength of sphericalshell lattice structure is sensitive to the porosity. The energy absorption capacity
decreases with the increase of porosity. The trend shows that the change of energy
absorption with the increase of porosity is insigniﬁcant for the structures with high
porosity.
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