Materials and Design 122 (2017) 255–267

Contents lists available at ScienceDirect

Materials and Design
journal homepage: www.elsevier.com/locate/matdes

Mechanical properties of 3D printed polymeric cellular materials with
triply periodic minimal surface architectures
Diab W. Abueidda a,⁎, Mete Bakir a, Rashid K. Abu Al-Rub b, Jörgen S. Bergström c,
Nahil A. Sobh a,d, Iwona Jasiuk a,⁎
a

Department of Mechanical Science and Engineering, University of Illinois at Urbana-Champaign, 1206 West Green Street, Urbana, IL 61801-2906, USA
Institute Center for Energy, Mechanical and Materials Engineering Department, Masdar Institute of Science and Technology, Abu Dhabi, UAE
Veryst Engineering, 47A Kearney Road, Needham, MA 02494, USA
d
Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-Champaign, 405 N Mathews Ave, Urbana, IL 61801, USA
b
c

H I G H L I G H T S

G R A P H I C A L

A B S T R A C T

• Triply periodic minimal surfaces (TPMS)
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a b s t r a c t
In this paper, three types of triply periodic minimal surfaces (TPMS) are utilized to create novel polymeric cellular
materials (CM). The TPMS architectures considered are Schwarz Primitive, Schoen IWP, and Neovius. This work
investigates experimentally and computationally mechanical properties of these three TPMS-CMs. 3D printing is
used to fabricate these polymeric cellular materials and their base material. Their properties are tested to provide
inputs and serve as validation for ﬁnite element modeling. Two ﬁnite deformation elastic/hyperelasticviscoplastic constitutive models calibrated based on the mechanical response of the base material are used in
the computational study of the TPMS-CMs. It is shown that the specimen size of the TPMS-CMs affect their mechanical properties. Moreover, the ﬁnite element results agree with the results obtained experimentally. The
Neovius-CM and IWP-CM have a similar mechanical response, and it is found that they have higher stiffness
and strength than the Primitive-CM.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
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Discovery of new lightweight yet strong materials is of high scientiﬁc
and technological interest as they can be utilized in numerous engineering applications (e.g. automotive and aerospace industry) [1–4].
Researchers investigated the effects of base materials, density, and
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Fig. 1. CAD drawings of TPMS-CMs with a relative density of 10%: (a) Primitive-CM, (b) IWP-CM, (c) Neovius-CM. 3D printed specimens: (e) Primitive-CM (relative density is 23.5%),
(f) IWP-CM (relative density is 25.6%), (g) Neovius-CM (relative density is 23.7%).

foam's architecture on the overall performance of cellular materials. The
geometry of architectured materials can be designed, based on engineering optimization process, or inspired. In architectured materials,
the morphology of their structures yields properties that are not available in bulk, continuous media. Moreover, researchers have designed
and created materials with architectures that are inspired by nature.
Natural and biological materials possess characteristics such as hierarchical, optimized periodic and multifunctional structuring, size effect
strengthening, and high interconnectivity [2,5–8].
Furthermore, the architectures of cellular materials control the way
the materials get deformed: in a bending-dominated mode or a
stretching-dominated mode [9]. Structures that are statically and kinematically determinate are stretching-dominated and support external
loads by only compressive and tensile loadings [10,11]. Therefore, materials deforming in a stretching-dominated mode have higher stiffness and strength than the ones deforming in a bending-dominated
mode. Cellular materials with stochastic porosity usually deform
through bending of walls and trusses [12]. Also, stochastic structuring
usually introduces imperfections which reduce the overall mechanical
properties. Thus, periodic structures are more desirable than the stochastic ones [5,7,13]. Several researchers have used experimental,
computational, and analytical approaches to study linear and nonlinear mechanical responses of cellular materials including elastic

properties, yielding, buckling, and effects of imperfections [1,14,15].
They showed that the wall thickness (or relative density) of the cellular materials governs the failure mechanisms and that imperfections in
cellular materials such as octet-truss might lead to dramatic deterioration in strength. In addition to the effect of the architecture of the microstructure and relative density of the cellular materials, the
mechanical behavior of cellular materials is directly affected by the
scale at which they are made and base materials they are fabricated
from [16]. The architecture of cellular materials can be designed and
optimized to create materials with multifunctional properties including high stiffness, strength, energy absorption, and damagetolerance, among others [4,7,17]. One of the most common cellular
materials is a honeycomb which is anisotropic material. One of the
main reasons that honeycomb structures are attractive is that their microstructures allow large deformations which in turn lead to high speciﬁc energy dissipation capacity [18]. Restrepo et al. [19] fabricated
periodic cellular materials (two types of honeycombs) using a shape
memory polymer as a base material. They introduced a new class of
programmable materials whose mechanical performance is modiﬁed
after manufacturing. Further, cellular materials can be used to create
materials with unconventional properties such as negative Poisson's
ratio [18,20–23]. Bertoldi et al. [24] utilized elastic instabilities of periodic cellular materials to create 2D materials with negative Poisson's

Fig. 2. SEM images of PA 2200 fabricated using the 3D printer Formiga 100.
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ratio under compressive loads. Additionally, Iio et al. [25] established
ﬁnite element model to study the elastoplastic compressive deformation of hollow-strut cellular materials. A linear response is observed
in the elastic region, and it is followed by yielding and stress plateau.
After that, a gradual increase in the plastic ﬂow stress is noticed.
Polymeric cellular materials can be fabricated through polymer
foaming processes [26], wherein either physical blowing agents [27]
or chemical blowing agents [28,29] are utilized to generate cellular materials. Such processes give rise to random structures. 3D printing is another technique to fabricate polymeric cellular materials. Advances in
3D printing have allowed the fabrication of various types of cellular materials with dimensions ranging from the submicron to the centimeter
level, and the investigation of the mechanical response of such cellular
materials [30,31]. 3D printing offers outstanding control over the architectures and base materials of cellular structures and allows the fabrication of structures with complicated architectures using various
materials [30,32].
Examples of architectured materials are the mathematically wellknown triply periodic minimal surfaces (TPMS) [33]. TPMS are promising porous structures which can be used to create multifunctional materials for various technological applications. TPMS are inﬁnitely
extending, smooth, and continuous surfaces that divide the space into
two congruent intertwined regions. Each region has a volume fraction
of 50% and is periodic in 3D [34,35]. Additionally, the summation of
the principal curvatures at each point on the TPMS is zero, i.e., TPMS
possess a zero mean curvature [36,37]. Recently, researchers have studied thermal and electrical conductivities, the coefﬁcient of thermal expansion, and elastic properties of structures inspired by TPMS. The
TPMS have been used to create interpenetrating phase composites
(IPCs) in which each phase is interconnected and continuous in 3D [5,
38–43]. Abueidda et al. [40–42] have concluded that TPMS-IPCs have
superior and robust properties compared to other types of composite
materials due to the continuity and interconnectivity of the phases of
TPMS-IPCs. Wang et al. [43] investigated the elastic properties, strength,
and energy dissipation of bi-continuous composites based on three different TPMS-like geometries. Moreover, TPMS have been used to generate novel cellular materials (CMs) with different relative densities (the
ratio between the density of the TPMS-CMs and the density of the
solid base) [32,34,44]. Abueidda et al. [32] studied the electrical/thermal

Table 1
Statistical study for the experimental results of the TPMS-CMs. SD, RD, E, and S represent
the standard deviation, relative density, modulus, and strength, respectively. The subscript
M stands for the mean of the variable.
RD (%)

(SDRD/RDM) (%)

(SDE/EM) (%)

(SDS/SM) (%)

Primitive-CM
4.8%
5.4%
6.6%
12.6%
16.4%
23.5%

1.9
2.27
5.67
3.17
1.04
1.14

7.25
8.87
4.68
0.2
2.72
4.19

3.15
11.06
5.5
5.27
1.88
0.96

Neovius-CM
9.8%
10.4%
15.2%
16.0%
23.7%

1.89
2.42
4.48
4.36
4.2

8.85
1.91
5.17
3.59
5.3

7.15
2.64
4.67
9.71
8.16

IWP-CM
8.1%
9.1%
10.6%
14.0%
20.9%
25.6%

6.15
4.8
3.93
3.37
3.65
5.31

10.44
7.72
3.35
3.66
4.38
1.84

11.78
9.99
5.01
4.66
4.79
4.27
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Fig. 3. Rheological representation of the constitutive models; (a) AB model (b) FEN model.

conductivities, elastic moduli (uniaxial modulus, shear modulus, and
bulk modulus), and anisotropy of the conductivity and elasticity tensors
of six different types of TPMS-CMs. The analyses of TPMS-CMs were performed using a ﬁnite element method with periodic boundary conditions applied to the unit cells of TPMS-CMs. Furthermore, Han et al.
[44] used Primitive structure to fabricate cellular materials with properties (stiffness and strength) better than those of lattices. The PrimitiveCM considered in [44] are modiﬁed so the size of the openings is smaller
and the geometry is elongated in the vertical direction. For such architecture, the performance is enhanced in the vertical direction while it
deteriorates in the other directions.
One advantage of using TPMS structures to create cellular materials
is to overcome the common weaknesses of truss/strut-based structures.
The truss/strut structures induce stress concentrations and are likely to
have imperfections around the connections between the truss elements
which in turn cause the structure to collapse at lower applied loads [10,
32]. For example, Khaderi et al. [9] concluded that imperfections in the
Gyroid-lattice cause a severe knock-down in its elastic and plastic properties. Joints and struts do not exist in the TPMS-CMs. The connectivity
and continuity of the TPMS-CMs allow a smoother transfer of loads
(see Fig. 1) [32] which leads to a better integrity of the TPMS-CMs compared to truss/strut-based CMs possessing joints.
In this paper, three types of TPMS-CMs are fabricated using 3D printing, and then their linear and nonlinear mechanical responses are investigated experimentally and computationally. Their mechanical
behaviors are studied using a ﬁnite element method under periodic
and mixed boundary conditions. The mechanical properties of the polymeric TPMS-CMs considered in the current work include the elastic
stiffness, buckling, yielding, post-yielding, and dissipation energy. Buckling analysis is performed to address potential instability failure of the
TPMS-CMs due to geometric effects. Even though local buckling will
not lead to an immediate loss of material resistance, local buckling
may lead to dramatic decrease in the ability of buckled unit cells to constrain adjacent cells against translation and rotation [45]. Imperfections
in the structures, which are unavoidable in many cases, and eccentric
loads inﬂuence the stability behavior regarding the critical load values
and deformation characteristics. Two constitutive relations, namely
Arruda-Boyce (AB) model [46,47] and ﬂow evolution network (FEN)
model [48], are adopted to capture the behavior of TPMS-CMs and the
base polymer used to fabricate the TPMS-CMs.

2. Experimental procedure
2.1. Material fabrication
3D printing based on selective laser sintering technology was
employed in fabricating the TPMS-CMs. Speciﬁcally, the 3D printer
“Formiga P100” and a commercial material called “PA 2200,” and
based on polyamide 12, were utilized to fabricate the polymeric
TPMS-CM specimens and the specimens of the base material used for
calibration [49–51]. The 3D printer “Formiga P100” has a layer thickness

258

D.W. Abueidda et al. / Materials and Design 122 (2017) 255–267

of 0.1 mm and a laser power of 30 W. The specimens were 3D printed at
an operational temperature of 172.5 °C. Fig. 2 shows scanning electron
microscopy (SEM) images of the 3D printed PA 2200. Fig. 2 illustrates
the sintered powdered polymer and portrays that the diameter of a particle is approximately 45 μm. The size of the particles signiﬁcantly affects
the properties of the material and controls the dimensions of the
printed specimens. Moreover, the 3D printing technology induces anisotropic behavior due to the layer-wise fabrication process [50]. Therefore, it is expected to have anisotropy in the mechanical properties of
the 3D printed TPMS-CMs.

2.2. Mechanical testing
The mechanical behavior of polymers is strongly dependent on the
applied strain rate, material type, and temperature. Although temperature has utmost effect on the mechanical properties of polymers, its effect is neglected by performing all the mechanical tests at room
temperature. To obtain the mechanical response of the base material,
the ASTM D638-10 Type I standard was used for uniaxial tension
whereas for the uniaxial compression the ASTM D695-15 standard
was used. The base material and TPMS-CMs were tested under displacement control using Instron 4400 with a load cell of 30 kN or 100 kN depending on the required loads. Tensile and compressive loadings were
used for the base material while only compressive loading was applied
on the TPMS-CMs. Moreover, all specimens were tested one week after
their fabrication to eliminate possible changes in the mechanical

properties of the polymer due to ageing or degradation effects. Cooke
et al. [52] studied the effect of storing the materials fabricated using selective laser sintering on the mechanical properties. They reported that
the modulus and strength were signiﬁcantly reduced due to moisture
absorption after storing the 3D printed materials in a non-desiccated
environment. During the test, the specimens were positioned in the
center of the loading frame to ensure uniform loading and to eliminate
moments induced by specimen misalignments. Also, for compression
testing, aluminum plates with a lubricating ﬂuid on their surfaces
were placed on the top and bottom of the specimens to reduce friction
which causes a state of nonhomogeneous deformation, usually called
as barrelling of the test specimen. The base material was tested to characterize its mechanical response and to use the obtained stress-strain
curves to calibrate the constitutive models adopted in computations.
In the case of tensile loading, some of the specimens were tested
under loading and unloading, and some of the specimens were tested
until failure in both printing directions (horizontal and vertical directions). In the case of compression loading, the specimens were tested
until densiﬁcation.

2.3. Specimens
In the current work, TPMS are used to create architectured cellular
materials. The methodology adopted to create the computer-aided design (CAD) ﬁles of such structures are detailed in the previous works
of the authors [32,40]. Cubic TPMS-CM specimens were fabricated

Fig. 4. Description and calibration of constitutive models used. Rheological representation of (a) AB model (b) FEN model. (c) and (d) show the calibration of AB model while (e) and
(f) show the calibration of FEN model.
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Fig. 5. (a) Mesh sensitivity study performed for Primitive-CM at a relative density of 10%. The results reported in this ﬁgure are for 1 (1x1x1). (b) Example of used meshes (201,597
elements) and illustration for mixed boundary condition.

with several relative densities. The dimensions of the specimens were
controlled by the resolution of the 3D printer which is determined by
the size of the particles (see Fig. 2). The side length of one unit cell
was 1.5 cm, and the sizes of specimens (total edge length) were varied
to study the effect of scale and boundary conditions on the mechanical
response. To produce TPMS-CMs with different relative densities, the
thicknesses of the TPMS-CMs were varied. The range of thicknesses
for each TPMS-CM is different as TPMS have different surface areas.
The thickness of the Primitive-CM has a range spanning from
0.135 mm to 1.6 mm, the IWP-CM has a thickness varying between
0.1 mm and 1.1 mm, and the thickness of the Neovius-CM approximately varies between 0.1 mm and 1 mm. Table 1 shows the relative densities for the different TPMS-CMs considered in this study. Detailed
information about the variation of the thickness with the desired relative density is reported in Dalaq et al. [5]. Fig. 1 shows three specimens
for the different TPMS-CMs under consideration where each specimen
has 1000 unit cells (10x10x10) repeated periodically in 3D.
3. Finite element analysis and constitutive models
The mechanical responses of the three TPMS-CMs were also studied
using a ﬁnite element method. The analyses were performed using the

software Abaqus [53], with large deformation theory of continuum mechanics. The stress-strain behavior of PA 2200 was represented by two
constitutive models: Arruda-Boyce (AB) model and ﬂow evolution network (FEN) model which are available in the PolyUMod software [48].
The AB model captures an initial linear elastic behavior while the
adopted FEN model includes an initial hyperelastic behavior. Both
models account for yielding, with yield point being dependent on applied strain rate, and viscoplastic deformation. Fig. 3a and b provide rheological representations for both models to give readers an insight into
the models used in the study [47,54]. In fact, AB model and FEN model
are three-dimensional models; hence, a tensor acts on each component
shown in Fig. 3a and b rather than a scalar. Both models are based on the
multiplicative decomposition of the deformation gradient into elastic/
hyperelastic and viscoplastic components.
The AB model consists of two networks in series: linear elastic network and viscoplastic network denoted in Fig. 3a by E and P, respectively. The spring in the plastic network represents the back stress Langevin
spring which is based on nonlinear hyperelasticity to account for an entropic resistance to chain alignment while the dashpot represents the
viscoplastic element which accounts for strain rate dependent yield
that monitors an isotropic resistance to chain segment rotation [47,
54]. The FEN model is a versatile constitutive model that can capture

Fig. 6. Effect of specimen size on the mechanical response of the Primitive-CM at a strain rate of 0.01 s−1: (a) relative density of 4%, (b) relative density of 22%. Number of unit cells
indicated in the legend represents the number of unit cells in each direction; for example, 3 unit cells corresponds to a total of 27 (3x3x3) unit cells.
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Fig. 7. Deformed specimens: Primitive-CM IWP-CM at a relative density of (a) 4% (b) 24%, IWP-CM at a relative density of (c) 8% (d) 24%, Neovius-CM at a relative density of (e) 10% (f) 24%.

Fig. 8. Example of the variation of the stress-strain curve with the variation of the relative density. The testing was performed for the TPMS-CM with 64 (4x4x4) unit cells at a strain rate of
0.01 s−1 (a) Primitive-CM (b) IWP-CM and (c) Neovius-CM.
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where fss and cε are material parameters, and the damage state pi is 0 at
time = 0. The total Cauchy stress is given by the sum of the Cauchy
stresses in each network.
The viscoplastic ﬂow rate of each network (i ∈ [1, 4]) is given by:
−1 dev½σi 
v
v 
F;
F_ i ¼ γ_ i  F ei
τi


C
v
γ_ i ¼ γ_ 0  λvi −1 þ ξ  R

Fig. 9. Comparison between the stress-strain curves of the Primitive-CM at a relative
density of 4.5% obtained experimentally and computationally. The applied strain rate is
0.01 s−1.

the mechanical behavior of various polymers [54]. The adopted FEN
model consists of four parallel networks (see Fig. 3b) that possess the
same constitutive elements, but the material properties are different.
Each network consists of a hyperelastic component based on the
Holzapfel-Gasser-Ogden anisotropic hyperelastic model [55] (represented by a spring in Fig. 3b) and a viscoplastic component (represented
by a dashpot in Fig. 3b) [54,56]. The strain energy density for each network (i ∈ [1, 4]) is given by:
(
Ψi ¼ f i pi


)
2
k1 3 k2 RðEji Þ2
κ e
Ψyi þ
∑ e
−1
þ fi
J −1 ;
2k2 j¼1
2 i

ð1Þ

where fi is a stiffness factor specifying how much stiffer network i is
∗
e∗
e∗
compared to network 1, Jei = det [Fei ], bei = (Jei )− 2/3Fei FeT
i , I1i = tr[bi ],
and the strain energy Ψyi is given by the Yeoh model:


 e
2

3
Ψyi ¼ C 10 Ie
þ C 30 I e
1i −3 þ C 20 I 1i −3
1i −3 ;

ð2Þ
∗

∗

where [C10, C20, C30] are material parameters, and Ie1i = tr[bei ] is the
ﬁrst invariant of the elastic left Cauchy-Green tensor. The [k1, k2] speciﬁes the anisotropic stiffness factors, and κ is the bulk modulus. The dis∗
∗
persion factors are given by Eji = d(Ie1i − 3) + (1 − 3d)[Ie4ji − 1],
e∗
e∗
e∗
I4ji =(Fi aj) · (Fi aj), and R(x) = (x + |x|)/2 is the ramp function. The initial orientation directions are taken here to be aligned with the global
coordinate system (ai = ei). The elastic stiffness of each network is
evolving with the plastic strain to capture material damage:
dpi
1
v
¼ ð f ss − f iεp Þγ_ i ;
dt
cε

ð3Þ

ð4Þ
τi
−τcut
ghi2 hi2 τ^i

m
;

ð5Þ

1/2
v
v
where γ_ 0 ≡ 1=s, bvi = Fvi FvT
, g ¼ Rð1 þ pp Þ where p is the
i , λi = (tr[bi ]/3)
0

pressure and p0 is a material parameter controlling the pressure dependence of the ﬂow, and τi is the Mises stress from the total stress σi acting
on network i. The ﬂow resistance of the material is evolving with plastic
strain following the hardening equations:
dhi1
1
v
¼
ðhss1 −hi1 Þγ_ i ;
dt
De1

ð6Þ

dhi2
1
v
¼
ðhss2 −hi2 Þγ_ i ;
dt
De2

ð7Þ

where hi1 = hi2 = 1 at time = 0, and [hss1, hss2, De1, De2] are material parameters. Detailed constitutive relationships for both AB and FEN
models can be found in [47,54,56].
The material PA 2200 was tested under different testing modes and
strain rates. They include three methods: (1) until failure under tensile
load at an engineering strain rate of 0.0066 s−1, (2) tensile loading and
unloading at two strain rates (0.002 s−1 and 0.0013 s−1), and under
compressive loading until densiﬁcation at a strain rate of 0.01 s−1.
Fig. 4 depicts calibrations of the two models. These strain rates were
chosen so the mechanical testing can be considered quasi-static. By observing Fig. 4, one can conclude that both models capture the mechanical response of PA 2200. However, the FEN model has a better
agreement with the results obtained experimentally than the AB model.
4. Results and discussion
This section discusses the mechanical behavior of the TPMS-CMs.
The ﬁnite element analyses were performed using 10-node quadratic
tetrahedron (C3D10 from Abaqus library) elements. A mesh sensitivity
study was performed for the different TPMS-CMs for all relative densities to ensure objective results. Fig. 5a illustrates an example of the
mesh sensitivity study performed: the stress-strain curves of 1
(1x1x1) unit cell of Primitive-CM at a relative density of 10%. This

Fig. 10. Primitive-CM with 8 (2x2x2) unit cells deformed under mixed boundary conditions. The Primitive-CM has a relative density of 4.5%, and the applied strain is 20%. The unit of the
stress values is kPa, and the deformation scale factor is one.
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Fig. 11. Compressive uniaxial modulus and strength of Primitive-CM at a strain rate 0.01 s−1. The experimental results are obtained from TPMS-CMs with 64 (4xx4) unit cells.

example shows that the analysis is insensitive to the mesh size of the
mesh choices used. Fig. 5b illustrates the mixed boundary conditions
and an example of meshes used in the mesh sensitivity study. For
TPMS-CMs with a larger number of cells, the boundary conditions
shown in Fig. 5b are applied on the outer faces of the entire structure
rather than the faces of every unit cell. The effect of specimen size on
the mechanical response of the TPMS-CMs is investigated to ensure
that the results represent the effective response. Fig. 6 shows the effect
of specimen size (number of unit cells) on the mechanical response of
the Primitive-CM at two relative densities, 4% and 22%. In the elastic
region, the deformation is homogeneous, and beyond it, the deformation starts to localize. At a relative density of 4%, when the number of
unit cells is changed the mechanical response varies signiﬁcantly for
a low number of unit cells while the variation is small for a higher
number of unit cells. For instance, the difference between the
strengths in the case of one unit cell and two unit cells is around 15%
while the difference between the strengths in the case of four unit
cells and ﬁve unit cells is approximately 0.01%. Interestingly, one can
notice that the number of humps appearing in the stress-strain curves
presented in Fig. 6a is the same as the number of unit cells in one direction. This observed behavior is related to how the specimens are deformed. At a relative density of 4%, it is seen that the specimens are
collapsing in a layer-by-layer fashion, and each hump represents the
collapse of one layer (see Fig. 7a). Moreover, one can conclude that
the stress amplitudes and strain spans of the humps appearing in the
stress-strain curves decrease when the number of unit cells is increased. Although it is noticed that the deformation is more uniform

when the relative density of the Primitive-CM increases, the deformation of the Primitive-CM is still considered a layer-by-layer collapse
(see Fig. 7b). Hence, humps are expected in the stress-strain curves
of the Primitive-CM even at high relative densities as shown in
Figs. 6 and 8. Similar to the Primitive-CM, a layer-by-layer collapse of
the IWP-CM and Neovius-CM at low relative density is noticed, and
the specimens fail progressively from specimen boundaries (see
Fig. 7c and e). Unlike the Primitive-CM, it is observed that the deformations of the IWP-CM and Neovius at high relative density are spread
more uniformly over the specimen with a slight concentration at the
center of the specimen (see Fig. 7d and f). Hence, the humps shown
in the response of the IWP-CM and Neovius-CM have lower amplitudes compared to the Primitive-CM (see Fig. 8).
Fig. 8 portrays the variation of the stress-strain curve of TPMS-CMs
with the relative density. The stress-strain curves start with a linear
elastic response followed by a nonlinear stress increase with the strain
increase until it reaches the strength of the CM where softening behavior starts. After softening, at small relative densities a plateau-like response is observed; in other words, the hardening slope is
approximately zero. In contrast, for large relative densities (e.g. 24%),
a low-value positive hardening slope is seen after softening. The
plateau-like behavior and low-value hardening slope behavior are due
to different mechanisms depending on the properties of the base materials. For elastomeric base material, the governing mechanism is buckling while the governing mechanism for brittle materials (e.g.
ceramics) is fracture. For the ductile materials (e.g. metals and some
thermoplastics (PA 2200)), the governing mechanism is plastic yielding

Fig. 12. Compressive uniaxial modulus and strength of IWP-CM at a strain rate 0.01 s−1. The experimental results are obtained from TPMS-CMs with 64 (4xx4) unit cells.
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Fig. 13. Compressive uniaxial modulus and strength of Neovius-CM at a strain rate 0.01 s−1. The experimental results are obtained from TPMS-CMs with 64 (4xx4) unit cells.

[1]. After that, densiﬁcation is observed to start. Densiﬁcation starts at
lower strains for CMs with larger relative densities. Fig. 8 shows that
the IWP-CM and Neovius-CM have very close results and similar
stress-strain curves while the Primitive-CM has a more oscillating behavior with lower compressive modulus and strength compared to
the IWP-CM and Neovius-CM. However, the Primitive-CM has higher
failure (densiﬁcation) strains than the other two TPMS-CMs.
Fig. 9 portrays a comparison between the stress-strain curves of the
Primitive-CM obtained experimentally and computationally. The
Primitive-CM was tested with 1 (1x1x1) unit cell and 8 (2x2x2) unit
cells. In the ﬁnite element analysis, mixed boundary conditions (mimicking the ones applied in the experiment) are applied. The ﬁnite element results are in good agreement with the experimental results.
The ﬁnite element analysis captures the elastic region, yielding point,
and densiﬁcation region very well. Although there is a discrepancy between the experimental and ﬁnite element results in the plateau region,
the ﬁnite element analysis captures the trend and the humps shown in
the experimental curves well. Fig. 10 depicts the stress contours and deformation of the Primitive-CM with 8 (2x2x2) unit cells under mixed
boundary conditions. By comparing the deformations in Figs. 7a and
10, one can conclude that the ﬁnite element analysis captures the deformation obtained experimentally. It is necessary to distinguish between
apparent properties and effective properties. The apparent properties
are deﬁned when dealing with ﬁnite specimen sizes while the effective
properties represent the macroscopic properties [57]. Periodic boundary conditions are used to obtain the effective properties computationally [58,59]. Fig. 11 portrays the variation of the compressive uniaxial
modulus and compressive strength of the Primitive-CM with the change
of the relative density at an engineering strain rate of 0.01 s−1. Although
the uniaxial modulus and strength change with the different printing
directions, the difference is relatively small. Selective laser sintering
technique produces specimens that are more isotropic than the ones
produced by other 3D printing techniques, such as the technique used
in work of Dalaq et al. [38], because selective laser sintering is
particle-based (see Fig. 2). The effect of printing direction is ignored
for simplicity, and only the horizontal direction is investigated. The

Table 2
Curve ﬁts for the TPMS-CM modulus and strength. ρ, E, and S represent the relative density, compressive uniaxial modulus, and strength, respectively.
TPMS-CM

E (MPa)

S (MPa)

Primitive
IWP
Neovius

672 (ρ)1.518
836 (ρ)1.176
1669 (ρ)1.589

53 (ρ)1.749
64 (ρ)1.646
98 (ρ)1.886

material constitutive models are calibrated based on the horizontal direction. Figs. 12 and 13 depict the compressive uniaxial modulus and
compressive strength at an applied engineering strain rate of 0.01 s−1
for the IWP-CM and Neovius-CM, respectively. The results obtained
using the AB model and FEN model are very close to each other and almost coincide.
The relative densities of the 3D printed TPMS-CMs specimens, in
general, were deviating from their corresponding CAD ﬁles. Such deviations were introduced due to the resolution of the 3D printer and thin
walls. The deviation from the CAD was lower when higher relative densities (thicker walls) were considered. Hence, the relative densities used
for the experimental results were measured after 3D printing the specimens rather than relying on the relative densities obtained from the
CAD ﬁles. Furthermore, four specimens were tested for the base material and each relative density of the TPMS-CMs. The mean values are reported in Figs. 11–13. Table 1 summarizes the relative densities of the
different TPMS-CMs used in the experimental analyses and their corresponding standard deviations. It was observed that the experimental results are relatively repeatable. The experimental results for the TPMSCMs can be ﬁtted using a power law equation as presented in Table 2.
The TPMS-CMs under a compressive uniaxial loading possess a behavior
between the stretching- and bending-dominated modes. The modulus
of the IWP-CM has lowest power coefﬁcient with a value of 1.176
which indicates a stretching-dominated behavior. The three TPMS-CM
possess close power coefﬁcient values for their compressive strength.
It can be seen from Figs. 11–13 that a better agreement between experimental results and computational results using both models is at higher
relative densities. The better agreement at higher relative densities
(larger thicknesses) is explained by less sensitivity to the printing direction at higher relative densities. Another reason is that fewer defects are
observed at higher relative densities; such defects appear due to the
limitation of the 3D printer resolution.
Another physical phenomenon that may dictate the compressive
strengths of the TPMS-CMs is buckling where structures fail due to
loss of their geometric and material stability. As the walls of the
TPMS-CMs are much thinner than their overall dimensions, TPMSCMs can buckle locally under compressive and tensile loads as tensile
loading induces local compressive stress as well due to the complex architectures. Bifurcation analysis was performed to estimate the critical
buckling loads of the TPMS-CMs. The applied boundary conditions signiﬁcantly affect the value of the buckling loads. Ultra-light materials
tend to locally buckle and/or fracture minimizing the constraining effects from adjacent cells [60,61]. The boundary conditions proposed by
Valdevit et al. [60] were used here to determine the local buckling of
the TPMS-CMs. In brief, these boundary conditions keep the nodes on
the lateral faces to be free while the nodal rotations on the top and
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Fig. 14. Energy absorption of TPMS-CMs subjected to a compression of (a) 25% strain (b) 60% strain. The results reported in this ﬁgure are obtained experimentally for specimens with size
of 64 (4x4x4) unit cells, and the applied strain rate is 0.01 s−1.

bottom faces are assigned zero values. The bottom face was also subjected to a zero displacement in the normal direction, while the top face
was subjected to a compressive force load in the normal direction. The
buckling results obtained using these boundary conditions are in agreement with the experimental results found in [45,60]. The critical load Pcr
is calculated by applying a small preload P followed by an incremental
load Q (Pcr = P + λQ) where P is the preload, Q is the incremental load,
and λ is smallest positive eigenvalue that leads to buckling [10,53]. It
can be seen, from Figs. 11–13, that the strengths of the TPMS-CMs
with thinner walls (low relative density) are governed by buckling
while those associated with thicker walls (high relative density) are
governed by plastic yielding. More speciﬁcally, the elastic bucklingyielding transition occurs approximately at 2.5%, 1%, and 2% for the
Primitive-CM, IWP-CM, and Neovius-CM, respectively. Moreover, the
experimental study is carried out over the high relative densities region
which corresponds to the plastic yield regime for the three TPMS-CMs.
Fig. 14 shows the variation of the energy absorption of the TPMSCMs with the variation of the relative density. The energy absorption
is deﬁned in the current paper as the area under the stress-strain
curve under a compressive strain of 25% and 60%. The results reported
in Fig. 14 are for specimen size of 64 (4x4x4) unit cells and the applied
strain rate of 0.01 s−1. At low relative densities, there is not much difference in the energy absorbed by each geometry. It is observed that
Neovius-CM has highest energy absorption while the Primitive-CM
has lowest energy absorption. From Figs. 11–14, one concludes that

the performance of the IWP-CM and Neovius-CM are close to each
other as shown in Fig. 15 while the Primitive-CM possesses lower uniaxial modulus, strength, and energy absorption compared to the IWP-CM
and Neovius-CM. Nonetheless, Abueidda et al. [32] have shown that the
shear modulus of the Primitive-CM is higher than the shear-moduli of
the IWP-CM and Neovius-CM while the three TPMS-CMs interestingly
have almost the same bulk modulus. The similarity in the performance
of the Neovius-CM and IWP-CM is justiﬁed by the similarity in the geometric properties of the two CMs. Dalaq et al. [5] showed that the IWPCM and Neovius-CM have similar geometric properties (moment of inertia, surface area, cross-sectional area, and thickness at a certain relative density). Also, the uniaxial moduli and compressive strengths of
the TPMS-CMs are located close to the upper boundary of foam when
compared with other materials as shown in Figs. 15 and 16. Furthermore, the base material used to fabricate the TPMS-CM is a polymer;
hence, using higher strain rates will result in higher uniaxial modulus
and strength. Fig. 17 experimentally shows the effect of strain rate on
the mechanical response of the TPMS-CMs. Increasing the applied strain
rate leads to higher stiffness and strength while the strain at which densiﬁcation starts decreases with the increase of the applied strain rate.
TPMS-CMs were tested at an engineering strain rates of 0.001 s−1,
0.01 s−1, and 0.1 s−1. These certain strain rates were chosen so the compression test can be considered quasi-static [43,62].
Therefore, the TPMS-CMs possess promising results that are competing with other cellular materials. Better properties for the TPMS-

Fig. 15. Comparison between the uniaxial modulus of 3D printed polymeric TPMS-CMs and unixial modulus of other materials [1,2,10,64].
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Fig. 16. Comparison between the compressive strength of 3D printed polymeric TPMS-CMs and compressive strength of other materials [1,2,10,64].

Fig. 17. Effect of applied strain rate on the mechanical response of the TPMS-CMs: (a) Primitive-CM at a relative density of 19.5%, (b) IWP-CM at a relative density of 21%, and (c) NeoviusCM at a relative density of 22%.
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CMs are expected if enhanced fabrication techniques and material types
(such as ceramics and metals) were utilized [44]. Enhanced properties
of the TPMS-CMs can be obtained if TPMS-CMs are fabricated at the
micro- or nano-scale using other fabrication techniques such as making
a self-propagating photopolymer template followed by metal plating
and etching [10,31]. Furthermore, fabrication techniques including
atomic layer deposition, metal 3D printing, and other, may lead to structures with promising mechanical properties [30,63].
5. Limitations of the ﬁnite element study
Figs. 11–13 show the ﬁnite element simulation (based on Abaqus)
and the experimental results. The calibration of the constitutive model
was based on uniaxial tensile and compressive loadings. Such type of
testing does not capture some physics (e.g. the effect of Poisson's ratio
and hydrostatic loading). Triaxial testing for the base material enhances
the quality of calibration, but it was not performed for simplicity. Furthermore, the surface between the load frame and specimens was assumed to be frictionless. Another factor that contributes to the
discrepancy between the experimental and computational results is
the effect of anisotropy as discussed in the previous sections. Moreover,
the variations (e.g. the wall thickness) in the 3D printed specimen plays
a role in the discrepancy between the computational and experimental
results as stochastic model was not considered in this study. In addition,
the TPMS-CMs are fabricated from sintered powdered polymer. Hence,
voids are expected within the TPMS-CMs which may cause the structure
to buckle at lower loads. The voids are not considered in the ﬁnite element analysis.
6. Conclusions
In this paper, 3D cellular materials that are based on mathematical
surfaces called triply periodic minimal surfaces (TPMS) were created.
Their structures do not possess any joints or discontinuities to minimize
the effect of stress concentration. 3D printing was utilized to fabricate
the TPMS-CMs. Their mechanical performance was analyzed through a
combination of experiments and ﬁnite element simulations. The base
material was tested under compressive and tensile loadings at different
applied strain rates, and the obtained results were used to calibrate the
constitutive models employed in the computational analysis. The effects
of the applied boundary conditions and size of the specimen were also
studied. It is shown that mechanical response of the TPMS-CMs obtained computationally and experimentally are in reasonable agreement.
IWP-CM and Neovius-CM have a highest uniaxial compressive modulus,
compressive strength, and energy absorption. The TPMS-CMs show superior properties when compared with other cellular structure, and
thus are promising candidates for various technological applications.
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