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Additively manufactured mechanical metamaterials are gaining prominence in light-
weight energy-absorption applications due to their exceptional mass-specific properties.
Herein, we examine the energy absorption characteristics of micro-architected truss-,
shell- and plate-lattice structures, namely, Octet, Kelvin, Gyroid, SC, BCC and FCC over a
range of relative densities under quasi-static compression via both experiments and finite
element analysis (FEA). Employing different 3D printing methods, namely, Digital Light
Processing, Selective Laser Sintering and Material Jetting, the lattices were fabricated using
PlasGray™ (photo-resin based plastic), PA12 (Nylon) and VeroWhite (photo-resin based
rigid plastic) respectively. Our results indicate that the SC lattice structure outperforms in
terms of stiffness and strength, while the Gyroid lattice outperforms in terms of energy
absorption efficiency (n). At lower relative densities (<0.3), n reaches up to 61% for the
Gyroid lattices made of PlasGray, while only at high relative densities the Octet truss lat-
tices compete with the Gyroid lattices. For Gyroid lattices made of PA12 with a relative
density of 0.23, an energy absorption efficiency of 68% was observed. Design maps are
presented for all lattice structures processed and tested herein, to demonstrate their
relative merits. Moreover, a two-step FEA was executed on a chosen array of lattices to
thoroughly investigate the extensive design possibilities, utilising the elastic-plastic,
Drucker-Prager, and concrete damage plasticity material models for PlasGray, PA12, and
VeroWhite, respectively, with calibration based on experimental results. The results
highlight that the tailored design of Gyroid lattices enabled by AM positions them as
promising candidates for lightweight energy-absorbing applications.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Foams are naturally occurring or man-made cellular materials
with a stochastic arrangement of pores. They are widely used
for lightweight structures. By organising pores in an orderly
fashion into solids, periodic cellular architectures, also known
as lattices capable of exhibiting excellent mass-specific
properties such as high specific stiffness and strength can be
achieved [1—4]. They are optimised at the unit cell (represen-
tative element) level, based on parameters including the
relative density (the volume fraction of the solid in the cellular
material, p = p/ps , Where p is the density of the cellular ma-
terial and p, is the density of the solid material with which the
cellular structure is made), pore size, and pore morphology for
a given choice of material [5]. Furthermore, such architectural
parameters can be controlled to tune their deformation pat-
terns and mitigate certain failure modes [6—8]. These lattices
are extensively used for energy absorbing structures such as
protective devices, packaging and crash-resistant structures
[9,10]. Therefore, a nearly constant compressive stress plateau
is required, to maximise the energy absorption. Besides
absorbing a certain amount of energy, the transmitted stress
should be below a certain level to prevent damage to the
protected device [11].

Lattice structures comprising macroscale pores exhibit
strong coupling between the relative density and the macro-
scopic properties such as strength and stiffness. Such
coupling can be tuned to a certain extent by controlling the
porous architecture i.e., by creating repeating building blocks
at the micron length scale and organising them in a periodic
and systematic manner. Interestingly, this usual coupling can
be decoupled for nano-architected lattices where the benefit
from the structural size-effect is harnessed. Such architected
lattices are referred to as metamaterials. There are many re-
ports on the superior mechanical properties of mechanical
metamaterials [12—15]. These metamaterials consist of
structural ligaments in the form of trusses, shells, or plates,
and they have the capacity to endure substantial compressive
strains. Recent advances in micro- and nano-fabrication
technologies enable the fabrication of lattices with finer geo-
metric features ranging from submicron up to millimetre
scale [16,17].

With additive manufacturing (AM), also known as three-
dimensional (3D) printing, it is firstly possible to manufac-
ture highly complex lattice structures across length scales,
using polymers, ceramics, metals or composites [18—21]. Un-
like traditional manufacturing methods such as grinding or
milling which are subtractive, AM is not based on the removal
of material to form a finished object [22]. While there are
several different methods of AM, they all share the common
principle of adding layers in various ways to achieve a desired
geometry. The primary techniques include filament-based
fused filament fabrication (FFF), powder-based selective
laser sintering (SLS) [23], selective laser melting (SLM), along
with liquid resin-based methods like inkjet printing, stereo-
lithography (SLA), or digital light processing (DLP) [24—26].
Each process has its own advantages and disadvantages and

can process different families of materials. The vast design
possibilities of lattices can be explored by varying the choice
of the base material, the unit cell geometry, and the relative
density [27].

Exceptional mass-specific strength, stiffness and energy
absorption characteristics of AM-enabled lightweight lattice
structures have been widely reported. Song et al. [15] report
improved mechanical properties and specific energy absorp-
tion of octet-truss cellular materials made using photosensi-
tive resin via SLA under compressive loading and
demonstrated that they recover up to 30% strain upon
unloading. Zheng et al. [1] reported exceptional mechanical
properties of micro-architected cellular structures processed
via the micro-stereolithography AM technique, across a wide
range of relative densities, using polymer, metal and ceramic.
Tancogne-Dejean [28] investigated plate-lattices - an
emerging class of low-density metamaterials, enabled by
direct laser writing and demonstrated that they exhibit nearly
isotropic stiffness properties. Ye et al. [29] reported stretching-
dominated nature-inspired ultra-low-density tube-in-tube
structures, exhibiting near-ideal linear scaling between stiff-
ness and density. Bauer et al. [30] in their work on AM-enabled
ceramic micro-truss lattice structures observed and charac-
terised size-dependent strengthening of the alumina shell-
based lattices. Using 3D laser lithography, they produced
composite lattices and demonstrated excellent size-
dependent strength below the densities of 1000 kg/m>. In
their study, Gu and Greer [31] fabricated Cu Octet lattices and
demonstrated that these structures surpass the yield strength
of the bulk materials due to size-effect. Maskery et al. [32]
performed a study on Sil0—Mg double gyroid lattices for en-
ergy absorbing applications, demonstrating the possibility of
reducing brittle failure and enhancing strain tolerance
through heat treatment, significantly improving the energy
absorption capabilities. Andrew et al. [33] fabricated tailored
honeycombs via DLP and showed both enhanced impact
resistance and energy absorption up to 250% compared to
regular honeycomb lattices.

In this study, three different printing techniques and ma-
terials were employed to fabricate a selected set of architected
lattices. First, a series of lattice structures with very fine
microscale features were 3D printed via the DLP technique,
using PlasGray™ - a photosensitive resin. Subsequently, a
second set of lattice structures was fabricated via SLS using
PA12 powder feedstock and finally Material Jetting (MJ) 3D
printing was employed to fabricate lattice structures using
VeroWhite photo-resin. The effect of relative density on me-
chanical properties, such as Young's modulus, strength, and
energy absorption, was investigated for different unit cell to-
pologies under quasi-static compressive loading. While most
of the extant works focused on the behaviour of lattice
structures with specific unit cell topologies in the context of a
particular material or printing technique, only a few studies
thus far investigated and compared the mechanical response
and energy absorption efficiency of a variety of lattice struc-
tures created using different printing techniques and mate-
rials [4,34]. In the present work, we first carry out an extensive
experimental campaign to identify the best-performing lattice
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structures and their architectural parameters from a set of
truss-, shell- and plate-based lattice structures. We determine
the effect of the relative density on the macroscopic stress-
strain response under uniaxial quasi-static compression.
While the plate-based simple cubic (SC) lattice structure
shows the best performance in terms of stiffness and
strength, the shell-based Gyroid structure outperforms others
in terms of energy absorption efficiency, especially at lower
relative densities. Based on the measured macroscopic and
microscopic tensile and compressive stress-strain data of the
polymeric materials explored, elastic-plastic, Drucker-Prager
and Concrete damage plasticity models' constitutive param-
eters were identified for finite element analysis (FEA). Two-
step FE simulations of lattices under quasi-static compres-
sion were then performed up to the densification to assess the
measured energy-absorbing characteristics. By utilising three
different material models, we accurately captured the me-
chanical response of lattices made of three different materials
explored in this study. The Drucker-Prager model accounts for

the mismatch in yield stress between tension and compres-
sion, as observed for PA12 and the concrete damage plasticity
model captures the pronounced softening behaviour of Ver-
oWhite. Size-dependent mechanical properties variation is
observed for micro- and macroscale ligaments in the lattices
made from photopolymers and is reported.

2. Materials and methods
2.1.  Materials and additive manufacturing processes

Lattice structures with micro- and mesoscale architectures
were fabricated using three different materials and additive
manufacturing processes.

2.1.1. Material jetting (M)
A first set of lattice structures was printed using the Object 260
Connex industrial Material Jetting (M]) printer (Stratasys, Ltd.)

BCC

2x2x 2

p=014 4

3x3x3

4x4x4

5x5x5

6xX6Xx6

— 5mm

Fig. 1 — Different 3D printed lattice structures of size 20 x 20 x 20 mm? using PlasGray™ with increasing relative density

(top to bottom).


https://doi.org/10.1016/j.jmrt.2023.09.061
https://doi.org/10.1016/j.jmrt.2023.09.061

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;26:7182—-7198

7185

using VeroWhite - an opaque photosensitive resin, that is
solidified layer-by-layer during the printing process using ul-
traviolet (UV) light to produce a 3D printed geometry. A sup-
port material (SUP705) ensures the correct placement of the
resin during photo-polymerisation and is removed after
printing. Compared to standard engineering plastics such as
acrylonitrile butadiene styrene (ABS), VeroWhite is stronger
and stiffer both under tensile and compressive loads [35].

2.1.2.  Selective laser sintering (SLS)

A second set of lattice structures was printed via selective
laser sintering (SLS) using a SnowWhite 3D printer (Sharebot
S.r.l.), a process in which polymer powder is sintered using a
laser heat source, selectively binding the material to form a
solid object. The printing process can be divided into three
phases: preheating, building and cooling [36]. First, the pow-
der bed or environment is heated and maintained at a high
temperature. Second, the powder is placed on to the build
plate layer-by-layer using a coating blade, and the thermo-
plastic powder particles are selectively fused using a high-
power CO, laser based on the sliced computer model. Once
the build is complete, the chamber is slowly cooled to prevent
warping and finally, the remaining powder, which acted as a
support, can be removed. The polymer powder used in this
study is commercial DuraForm polyamide 12 (PA12) from 3D
Systems Corporation [37], which has been artificially aged to
achieve uniform properties over multiple prints, while
allowing the printing parameters to be kept constant [38]. No
additional support material is required, as the surrounding
powder in the print bed supports the structure.

2.1.3. Digital light processing (DLP)

Finally, a series of microscale lattice structures were printed
using the PlasGray photopolymer on an Asiga Pro2 (Asiga)
high-resolution DLP printer. In DLP, an object is created by
selectively curing a photosensitive polymer resin, located in a
container with a transparent bottom over the UV light source,
onto which the sliced computer aided design (CAD) model is
projected layer-by-layer. The build platform moves upwards
during the printing process to make room for the next layers.
After printing, the structures were removed from the build

platform, washed with isopropyl alcohol and cured for an
additional 5 min in an Asiga flash UV chamber.

2.2. Lattice architectures

In total, six different lattice designs were considered. Firstly, a
family of elementary plate-lattices reported by Tancogne-
Dejean et al. [28] was investigated including the stretching-
dominated simple cubic (SC), the bending-dominated body
centred cubic (BCC), and the face centred cubic (FCC) archi-
tectures. Secondly, the stretch-dominated octet-truss (O) [39]
and the bending-dominated kelvin-truss (K) geometries were
explored [1]. Finally, the stretch-dominated shell-based min-
imal surface architecture (see Eq. (1)), namely Gyroid (G) lattice
generated using MATLAB [40,41] was studied:

cos <2£ x> sin <2—W y> +cos <2£y> sin <2—TE z)
L L L L
+cos (2—7E z> sin (2_7': x) =0
L L

where L is the unit cell size. The function describes a two-
dimensional surface, which was thickened to create a shell
of specific thickness.

The unit cell size, L, and wall thickness, t, or strut diameter,
d, were separately chosen for each set of lattices considering
the resolution of the three different 3D printers employed. For
achieving the highest resolution and smallest geometric fea-
tures of the lattices, the DLP manufacturing method was used.
DLP enables features that are thinner and smaller than those
produced by SLS and MJ additive manufacturing methods.
However, while the wall thickness and strut diameter for the
DLP prints are in the micron length scale (<1 mm), the topol-
ogies processed via MJ AM using VeroWhite exceed this scale
for some cases.

For the lattice structures printed via DLP using PlasGray,
the overall dimensions were set to 20 x 20 x 20 mm?. Keeping
the wall thickness and strut diameters constant, the relative
density was changed by varying the unit cell size, L. Accord-
ingly, the number of unit cells is in the range of 2 x 2 x 2 for
low relative density lattices and is up to 6 x 6 x 6 for high
relative density lattices (Fig. 1). This results in a unit cell size,

(1)

Table 1 — Architectural parameters for different micro-architected lattices fabricated via DLP AM using PlasGray. Designed

unit cell size, L, designed relative density, 5, designed strut diameter, d, designed plate thickness, t and measured mass, m,

are summarised.

PlasGray™ Octet Kelvin Gyroid SC BCC FCC
- V - : >
» = )

Conf. L [mm] d =694 ym d =999 ym t =394 um t =479 um t =170 pm t =213 pym

P m [g] P m [g] P m [g] P m [g] P m [g] P m [g]
2x2x2 10 0.06 0.43 0.06 0.48 0.12 0.96 0.14 1.28 0.14 1.43 0.14 2.49
3x3x3 6.67 0.12 1.92 0.13 1.04 0.18 1.44 0.2 1.81 0.2 1.58 0.2 3.21
4x4x4 5 0.2 1.59 0.21 1.75 0.24 2.02 0.25 2.38 0.25 1.65 0.25 2.87
5x5x5 4 0.3 2.43 0.3 2.55 0.3 2.38 0.3 2.69 0.3 1.69 0.3 2.00
6xXx6x6 3.33 0.4 3.39 0.4 3.46 0.36 3.35 0.34 3.01 0.34 1.68 0.34 3.35
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of 3.33 mm up to 10 mm, with a relative density of 0.06—0.4 for
truss lattice structures, and 0.12 to 0.34 for plate-lattice
structures, respectively (Table 1).

While all six structures were printed by DLP using PlasGray
for a range of relative densities (see Table 1), only four struc-
tures were printed via SLS using PA12 and MJ using VeroWhite
for a configuration of 4 x 4 x 3 unit cells with a unit cell size of
7 mm and a relative density of p = 0.23 (see, Table S1, Table S2
in Supporting Information (SI) and Fig. 2), to keep the experi-
mental effort within a reasonable limit. However, the FCC and
BCC plate-lattice structures would have resulted in such thin
features for the chosen relative density and unit cell size that
they simply could not be printed using SLS and MJ methods.
An additional set of Gyroid structures was produced using the
M]J printer, varying the relative density by changing the unit
cell size while keeping the overall dimensions and wall
thickness of the structure constant (Table S2). These different
approaches to varying the relative density ensure that we
work at the limits of printers’ resolution and capabilities.

Holes with a radius of 250 um were added at the centre of
each bounding surface for the plate-lattice structures to allow
for the removal of residual resin after the DLP printing process
using isopropyl alcohol. For the SLS and MJ prints, the SC
structures were modified accordingly with holes having a
radius of 350 um to remove the remaining powder and support
material. Measurement of the actual mass of the printed
PlasGray lattices after removal of the residual resin showed
(Table 1) entrapment of small amount of resin within the FCC
structure increasing their weight although such entrapped
resin has no significant influence mechanically and hence on
the stiffness and strength of lattices. As it does affect the
weight, the lattices need to be cleaned and optimally dried
after printing for further applications.

The relative density required for modelling purposes for
each of the lattice architecture presented herein can be
expressed as:

PA12

VeroWhite

p = 0.23, Configuration: 4x4x3

o= (12& 7Lr? — 3612 nr3) / L 2)
Pr= (6\/5 alr? — 95—67cr3) / L3 ?3)
Psc = (3Lt —3Lt* + t%) /L? 4)
Poce = (6\/5 L2t—24 L2 +16v2 t3) / L 5)

ﬁm=((4\/_—§)ﬁt—(6—§\/§)Lt2+2\/§t3)/L3 (6)

where L is the unit cell size, t is the wall thickness and r is the
strut radius. The subscripts O, K, SC, BCC, and FCC refer to the
Octet, Kelvin, simple cubic, body centred cubic, and face
centred cubic lattice geometries, respectively. The volume and
relative density of the Gyroid structure were calculated from
the CAD geometry using MATLAB.

2.3. Experimental procedure

Uniaxial quasi-static compression tests were performed in
accordance with ASTM D1621 [42] - the standard test method
for examining the compressive properties of rigid cellular
plastics, to analyse the energy absorption properties of the
lattice structures. Compression tests were performed using a
Zwick//Roell Z005 Universal Testing Machine (UTM) with a
2.5 kN load cell at a rate of 5 mm/min. For lattices with higher
relative densities, where 2.5 kN was insufficient to capture the
compressive force to densification, an Instron 5569 UTM fitted
with a 50 kN load cell was used. The force-displacement
response was recorded and the mechanical properties such
as Young's modulus, strength and energy absorption were
calculated for each cellular structure. Using the slope of the

= 7 mm

Fig. 2 — Lattice structures comprising 4 x 4 x 3 unit cells with a relative density of 0.23 processed by SLS using PA12

(top row) and by MJ AM using VeroWhite (bottom row).
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stress-strain response, the Young's modulus E, was calculated
within the elastic range using:
s F/A

E:E:Avh

)

where Fis the applied force, A is the cross section of the lattice
structure, Al is the change in length and Iy is the initial height
of the specimens. The strength of the structures corresponds
to the initial peak of the stress-strain curve. The energy ab-
sorption, W, is calculated by integrating the area under the
stress-strain curve from zero up to the densification strain, &g,
and is the energy absorbed by the lattice structure due to

mechanical deformation per wunit volume prior to
densification.

£d
W:/c@@ ®)

0

The densification strain is defined as the onset strain of
densification. Here, the strain at which densification begins is
determined by the point at which the tangents to the stress
plateau region and the densification region intersect as re-
ported elsewhere [43]. The energy absorption efficiency is
given by

n _1 o(e)de 9)
Op

0
where oy is the peak stress produced prior to densification. 5 is
the ratio of area under the stress-strain curve to that of an
ideal energy absorbing material with the maximum stress oy
and the maximum theoretical strain ¢ = 1. An ideal structure
exhibits a rigid behaviour with no elastic regime until the
compressive strength of the energy absorber is reached, at
which it begins to collapse uniformly up to 100% strain. The
efficiency of the ideal energy absorber increases linearly with
the strain.

2.4. Finite element modelling

The geometric models of the lattice structures were created
using SolidWorks and imported into Abaqus/explicit for per-
forming nonlinear FEA. Elastic-plastic (EP), Drucker-Prager
(DP) and Concrete damage plasticity (CDP) material models
were considered for PlasGray, PA12, and VeroWhite, respec-
tively. The different choice of material models is intended to
accurately capture the unique mechanical response of each of
these materials.

As an extension of the Mohr-Coulomb model, the DP
model finds widespread use in simulating the behaviour of
materials capable of undergoing both elastic and plastic
deformation. The DP model possesses a unique capability to
accurately represent materials with compressive yield
strengths surpassing their tensile yield strengths, as often
observed in composites or polymers and here for PA12.
During small deformation until the material reaches its
yield point, the model assumes linear elasticity, where
stress is directly proportional to strain. The transition from
elastic to plastic behaviour is determined by a yield crite-
rion, which hinges on the shape of a yield surface in the

meridional plane. In Abaqus/Explicit, this surface assumes a
linear shape. The yield criterion relies on the deviatoric
stress (stress deviation from hydrostatic pressure) and the
internal friction angle of the material to match yield values
in triaxial tension and compression, which may differ. Once
the material has yielded, the plastic flow rule governs its
plastic deformation. The plastic flow corresponds to an
equivalent plastic strain based on a rule rooted in the
deviatoric stress state. The DP model accommodates
isotropic hardening. This behaviour is controlled by pa-
rameters like the dilation angle. Detailed description of this
model can be found in the Abaqus manual [44].

To calibrate the DP material model for PA12, the Young's
modulus of the bulk material was determined as 1061 MPa,
and the Poisson's ratio as 0.39 based on macroscopic tensile
response of bulk material (Fig. 3). The density was found to be
1.01 g/cm®. The angle of friction and the angle of dilation were
both set to 20°. Dilatancy phenomenon was disregarded since
ductile deformation was assumed to be associated solely with
shear yielding, resulting in the angle of dilation being equal to
the angle of friction. To account for failure, a ductile damage
model was utilised, with a fracture strain of 1 and 0.15 for a
stress triaxiality of —0.33 and 0.33, respectively. The damage
evolution was assumed to follow linear softening behaviour
and was considered to be strain rate independent.

For PlasGray, an EP material model was employed. The
constitutive parameters of the material model were evaluated
using the stress-strain data obtained from tensile tests per-
formed on microscale bulk specimens. Curing related, size-
dependent material property variations were observed even
at macroscale, and lattice structures in this study were
exclusively manufactured at micron length scale. The linear
elastic regime is characterised by the Young's modulus and
Poisson's ratio and they were experimentally determined to be
209 MPa, and 0.47 for PlasGray, respectively. At higher strain
levels, after yielding, PlasGray exhibits non-linear plastic
deformation. This data is implemented into Abaqus in the
form of true stress as a function of plastic strain obtained from
tensile tests performed on the bulk material. The strain
increment and the true strain respectively, are: de = dl/lp and

£ = fllo dl/l, where 1 is the instantaneous length and I, is the

——— PA12 Engineering

PlasGray Engineering

VeroWhite Engineering

- — - -PA12 True

- - - -PlasGray True
VeroWhite True

Stress [MPa)]

60

-80
Strain [mm/mm]

Fig. 3 — Measured engineering and true stress-strain
responses of PA12, PlasGray and VeroWhite materials
obtained from macroscopic tensile and compression tests.
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original length. The stress conjugate to the true strain is the
true stress and is given by ¢ = F/A with F being the force
applied on the specimen, and A the instantaneous cross-
section of the specimen. To define plastic strain in Abaqus,
the experimentally evaluated stress-strain response (engi-
neering stress-strain) must be converted to the true stress-
strain response as follows:

e = ln(l + seng) (10)

Ot = Oeng (1 + Seng) (11)

To account for failure and crack initiation, a ductile dam-
age model was implemented. Fracture strains were assigned
values of 1 and 0.35 for stress triaxialities of —0.33 and 0.33,
respectively. The stress triaxiality is a measure of the relative
magnitudes of the three principal stresses in a material and
helps characterise the stress state to assess the likelihood of
ductile fracture. It is defined as the ratio of the hydrostatic
stress to the equivalent von Mises stress [45]. The displace-
ment at failure, which refers to the displacement level at
which the material is considered to have failed completely,
havinglost all load-carrying capacity, was defined as 0.03 mm.
The element deletion functionality was activated to remove
elements that experienced failure during the deformation
process. Further information on the elastic-plastic material
model is provided in the supporting information.

The VeroWhite material's constitutive response was simu-
lated using the damage-plasticity model developed by Lubliner
et al. [46] for reinforced concrete. To calibrate the model, data
from Fig. 3, depicting uniaxial tension and compression stress
versus strain was utilised, along with plasticity parameters
shown in Table S4. A non-associated flow rule was selected with
a dilation angle set to 40° to mimic the softening behaviour in
tension and compression. The eccentricity is a parameter used
to represent the off-centre loading of a specimen. It is the dis-
tance between the centre of the element and the line of action of
the applied load. Eccentric loading can significantly affect the
behaviour of the material in terms of its deformation and
cracking patterns. fb0/fcO are parameters used to define the
ratio of uniaxial tensile strength (fb0) to the initial uniaxial
compressive strength (fc0). K is the softening parameter asso-
ciated with the post-peak softening of the material under both
tension and compression. Damage was incorporated in
compression utilising damage parameters as a function of in-
elastic strain, as well as in tension, where the damage param-
eters are as a function of cracking strain. The damage variables,

Model: Elastic-Plastic

both in tension and compression, vary from 0 (undamaged
state) to 1 (complete failure), as the material undergoes tension
or compression, respectively. The evolution of these damage
variables is governed by specific damage evolution laws and
criteria, which are defined in the material model [47]. Prior to
plastic deformation, the VeroWhite material exhibited isotropic
and linear elastic behaviour with Young's modulus of 1.5 GPa
and Poisson's ratio of 0.35. For a detailed constitutive descrip-
tion, please see the Supporting Information of our previous
publication [19].

Irrespective of the material model, C3D10 M tetrahedral
solid elements were chosen to mesh the geometries of the
Octet and Kelvin, SC, BCC and FCC lattice structures. The
Gyroid structure was modelled using S4 four-node shell ele-
ments. The global seed size was set between 0.18 and 0.4 mm,
depending on the geometry and detail required, to eliminate
mesh density dependent inaccuracies in the FE results. Mass
scaling was introduced with a target time increment of 17> to
increase the computational speed without compromising the
accuracy of the results. The structures were placed between
two parallel rigid platens, assuming a tangential friction co-
efficient of 0.2. The lower platen was fixed (all degrees of
freedom were set to zero), as shown in Fig. S1, while the upper
platen moved downwards at a constant speed to compress the
specimen to full densification. A general contact algorithm of
Abaqus explicit was applied to avoid penetration of the con-
tact surfaces into each other during the compression test. The
displacement and the corresponding reaction force on the top
plate were recorded. For selected structures prone to buckling,
a two-step analysis was performed. In the first step, a buckling
analysis was performed to determine the eigenmodes of these
structures. Prior to performing the explicit analysis, imper-
fections based on the first three eigenmodes were applied to
the geometry. The two-stage analysis ensures that the initial
stiffness is reduced to reflect a realistic environment,
considering early failure due to buckling. The accuracy of the
material models employed was verified by simulating the bulk
tensile and compressive response of the parent materials,
with good (VeroWhite) to excellent (PlasGray, PA12) agree-
ment between FE and experimental results (Fig. 4).

3. Results and discussion

Quasi-static compression tests on lattice structures were
carried out for lattices fabricated using PlasGray, PA12 and

Model: Drucker-Prager

Model: Concrete Damage Plasticity

-60

20 20 [
= -0.2 E = -0.2
= &
=3 =3
. 20 . 2
B -40 PlasGray i) -4
n o n

-60 EXI 2

- - -.FEA

1 -
0.2 = 0.2
&
=3
5]
v
o
PA12 :’;“ VeroWhite
—— EXP . EXP
- --.FEA ---.FEA

Strain [mm/mm]

Strain [mm/mm)|

Strain [mm/mm]

Fig. 4 — Comparison of measured tensile and compression stress-strain responses of the parent materials PlasGray, PA12
and VeroWhite with those obtained from the FEA using EP, DP, and CDP material models respectively.
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density under quasi-static compression.

VeroWhite as for the configurations summarised in Table 1,
Table S1 and Table S2, respectively. The corresponding mass-
specific macroscopic engineering stress as a function of the
uniaxial engineering strain are shown in Fig. 5 and Fig. 6a—c.

All lattices made of PlasGray show an almost linear stress-
strain response within the elastic regime up to ~5% strain,
after which the material yields and plastic deformation be-
gins, slowing down the increase in stress and attains a
maximum between 10 and 20% strain (Fig. 5). This is followed
by the plateau region where the lattices exhibit either uniform
deformation or a brittle, layer-by-layer failure until the
densification onset somewhere between 50% and 80% strain
depending on the relative density. SC and Kelvin structures
show a significant drop in strength after an initial peak be-
tween 10 and 20% strain, indicating brittle failure of ligaments
with layers collapsing on each other, or as observed in some
cases, global brittle failure due to fracture/failure throughout
the structure, for e.g., see Kelvin lattice with p = 0.3 (see video
SV1 in supplementary information). The Octet structure
shows a stress plateau up to densification for relative den-
sities of 0.3 and above, where no local failure was observed
prior to densification, which is ideal for energy absorption
applications. At lower relative densities it shows an unstable
deformation pattern caused by buckling of the ligaments,
causing layers to collapse one by one. The engineering stress
in the Gyroid structure increases continuously after yielding
at a slower rate of up to about 40% strain for structures of p =
0.24 and above, which is a unique response among the
structures examined. After a slight decrease in stress,

densification begins at higher strains than the competing
structures, indicating that more energy can be absorbed prior
to densification. Even at lower relative densities, the Gyroid
structures show a large stress plateau region ideal for energy
absorption applications. The FCC and BCC structures show
comparatively low stress peaks and a plateau region with
uniform deformation up to densification.

It can be observed that the SC structure outperforms all
other structures in terms of Young's modulus, strength, and
energy absorption, over a range of relative densities consid-
ered here (see, Fig. 7 and Table 2). The Youngs modulus,
strength and the energy absorption vary from 26 MPa to
80 MPa, 0.6 MPa—5 MPa and 0.3 MJ/m® to 2.25 MJ/m? respec-
tively when the relative density increases from p =0.14 to
0.34. In accordance with Egs. (1) and (2) in the supporting in-
formation, the scaling relations E«p*% and &y«p-*® were
determined and they indicate a stretching-dominated
behaviour. The exponents n and m and the scaling constants
C; and C; were determined by power law curve fitting using
the curve fitting tool of MATLAB (Mathworks Inc., USA).

For the Kelvin lattice structures, the scaling relationships
are Exp>* and Gyxp>*?, indicating a clear bending-
dominated behaviour. For the Gyroid lattice structures,
E«p!” and Gy «p-® signal a bending-dominated behaviour but
to a lower degree than the Kelvin lattice structure. The Octet
lattice structures demonstrate comparable performance to
Gyroid and Kelvin structures for low relative densities, but
they are unable to compete at relative densities above 0.2.
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With Ee«p™ and Gy«p>*, Octet structures exhibited
stretching-dominance, although to a lesser extent than the SC
lattice structures. This may be attributed to the buckling of
struts at lower densities, a phenomenon also reported by
Tancogne-Dejean et al. [27] for relative densities below 0.3.
The FCC and BCC lattice structures underperform and
fall short of expectations due to printing-induced defects
associated with their thin feature sizes (Fig. 1). Conse-
quently, they do not exhibit adequate stiffness and do not

absorb significant amounts of energy. Further observations
revealed that the wall thicknesses of 213 ym and 170 pm for
FCC and BCC structures, respectively, were insufficient for
providing the desired stiffness and energy absorption for
the choice of materials and AM techniques employed. The
weight measurement of the BCC structure further confirms
that, at higher densities, it weighs up to 50% less than
designed weight, highlighting the limitations of the 3D
printer's resolution in accurately reproducing the model.
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Fig. 7 — Normalised Young's modulus, yield strength and energy absorption of PlasGray lattice structures measured for

different relative densities under quasi-static compression.
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Table 2 — Summary of mechanical properties and scaling constants measured for a variety of lattice structures printed

using PlasGray via DLP technique.

Configuration P E [MPa] o [MPa] W k] /m3] n Cq n C, m
Octet 2x2x2 0.06 2.97 0.08 321 0.40
3x3x3 0.12 5.47 0.23 100.1 0.43
4x4x4 0.2 11.14 0.56 277.1 0.49 0.11 1.5 0.2 1.54
5x5x5 0.3 16.85 0.84 420.1 0.50
6x6x6 0.4 32.50 1.93 1012.4 0.52
Kelvin 2x2x2 0.06 0.61 0.04 17.1 0.45
3x3x3 0.13 3.87 0.21 90.8 0.44
4x4x4 0.21 12.67 0.71 306.7 0.43 0.63 2.42 1.04 2.42
5x5x5 0.3 33.17 1.59 712.1 0.45
6x6x6 0.4 64.29 3.91 1816.8 0.47
Gyroid 2x2x2 0.12 4.32 0.15 93.5 0.61
3x3x3 0.18 8.65 0.50 261.9 0.53
4x4x4 0.24 13.61 0.96 534.3 0.53 0.16 1.7 0.26 1.65
5x5x5 0.3 16.85 1.33 906.2 0.49
6x6x6 0.36 27.18 1.93 1220.7 0.50
SC 2x2x2 0.14 26.32 0.55 249.6 0.45
3x3x3 0.2 52.39 1.42 596.3 0.42
4x4x4 0.25 61.56 241 1008.1 0.42 0.26 1.02 0.69 1.43
5x5x5 0.3 70.64 3.34 1380.9 0.41
6x6x6 0.34 79.68 5.02 2259.6 0.45
BCC 2x2x2 0.14 0.49 0.01 6.6 0.48
3x3x3 0.2 0.82 0.03 14.7 0.49
4x4x4 0.25 2.55 0.09 38.8 0.43 0.08 2.38 0.19 2.77
5x5x5 0.3 4.89 0.21 70.5 0.34
6x6x6 0.34 4.95 0.24 81.8 0.35
FCC 2x2x2 0.14 1.20 0.06 26.9 0.48
3x3x3 0.2 2.58 0.13 52.3 0.42
4x4x4 0.25 5.80 0.29 140.5 0.49 0.05 1.74 0.11 1.94
5x5x5 0.3 4.73 0.33 156.8 0.48
6x6x6 0.34 7.91 0.54 258.6 0.48

In addition to these observations, the energy absorption
efficiency, 5, was evaluated using Eq. (9), and the results for
different densities and lattice structures are presented in
Fig. 8. It shows that the Gyroid structure outperforms all the
other lattice structures, particularly at low relative densities
where 7 reaches up to 61%. The Octet structure surpasses the
energy absorption efficiency of the Gyroid only for densities

PlasGray
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Fig. 8 — Measured energy absorption efficiency of different
lattices made of PlasGray as a function of density.

above 350 kg/m®, while displaying the opposite trend — effi-
ciency increases with higher relative densities, showing an
increase in efficiency for higher relative densities. This
behaviour can be attributed to the Octet structure's unstable
performance at low relative densities, where buckling be-
comes dominant, whereas no buckling was observed for the
Gyroid structures or Octet structures at higher relative
densities.

The BCC structure exhibits a trend of a decreasing effi-
ciency with increasing density, albeit with 10—15% lower than
that of the Gyroid lattice. The Kelvin and SC lattice structures
demonstrate nearly constant efficiency of approximately 45%
across all densities. The FCC structure follows a linear trend,
except for an anomaly observed at a density of 236 kg/m®,
where it drops to 42%. This anomaly is likely due to poor
printing quality consistently observed for these structures.

As observed for PlasGray, the SC lattice structures fabri-
cated using PA12 via SLS exhibit superior stiffness, strength,
and energy absorption (see, Fig. 6b). The stress-strain
response displays two minor peaks before reaching early
densification at approximately 40% strain, distinguishing it
from the other structures. This behaviour can be attributed to
the more ductile response of PA12 compared to the relatively
brittle response of PlasGray. Following the SC lattice structure,
the Kelvin and Gyroid lattice structures exhibit similar re-
sponses, with the Kelvin structure being slightly stiffer and
stronger. Both structures demonstrate continuously
increasing stress (work hardening) after yielding, showcasing


https://doi.org/10.1016/j.jmrt.2023.09.061
https://doi.org/10.1016/j.jmrt.2023.09.061

7192

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;26:7182—-7198

Table 3 — Experiments vs. Numerical: Energy absorption characteristics of different lattice structures with 4 x 4 x 3 unit cell

configuration, processed by SLS using PA12 for 5 = 0.23.

PA12 E [MPa] o [MPa| W [MJ /m3] n

EXP FEA EXP FEA EXP FEA EXP FEA
Octet 543 +11.6 69.4 22+05 3.9 0.95 + 0.29 1.9 0.43 + 0.02 0.50
Kelvin 72.2 +23.1 70.3 33+1.1 3.9 2 +0.45 2.4 0.68 + 0 0.62
Gyroid 60.3 +21.3 63.9 3.1+09 3.7 2.01 +0.33 2.3 0.68 + 0.07 0.61
SC 156.7 + 4.8 156.7 6.9 +0.3 8.0 2.98 +0.18 3.7 0.51 + 0.01 0.47

excellent energy absorption capabilities. The ductile material
response contributes to a more uniform deformation pattern,
particularly noticeable in the Kelvin structure, compared to
PlasGray where layer-by-layer failure was observed. In
contrast, the Octet structure exhibits the lowest strength at
around 10% strain, resulting in the lowest observed energy
absorption among all the structures (Table 3). The smaller
strut diameter, compared to the Kelvin structure, leads to
slightly less uniform plastic deformation and a more brittle
response. This manifests in the sequential breaking of struts,
particularly in the outer region, until densification occurs.

The stress-strain responses of the VeroWhite lattice
structures exhibit less pronounced differences compared to
the structures made of other investigated materials (Fig. 6c).
Each structure demonstrates an initial peak strength at
around 10% strain, followed by oscillating post-yield response
resulting from layer-by-layer failure of the struts and plates.
Among the VeroWhite structures, only the Gyroid exhibits
uniform deformation with a smooth plateau region, achieving
an energy absorption efficiency of 53% (Table 4). In contrast to
PA12 and PlasGray, VeroWhite displays a pronounced brittle
response under compression. Examination of deformation
maps reveals that the VeroWhite structures tend to fail layer-
by-layer, while the lattice structures made of other materials,
especially PA12, exhibit a more uniform deformation and
failure pattern. Moreover, tensile and compression tests con-
ducted on bulk samples printed using VeroWhite show soft-
ening behaviour after yielding, evidenced by a significant drop
in the stress after reaching the maximum value (Fig. 3). This
behaviour is reflected in the response of the lattice structures
under compression. While the SC lattice structure still out-
performs the other structures, its superiority is less pro-
nounced. This is evident from the initial drop in the stress at
around 5% strain, where the top half layer of the lattice fails
before reaching maximum strength, a phenomenon not
observed with the same lattice structure made of other ma-
terials investigated herein.

A series of Gyroid structures printed with VeroWhite (Table
S2, row 2—6) exhibit a similar trend of decreasing energy

absorption efficiency with increasing density, akin to what
was observed for PlasGray. However, the efficiency values for
VeroWhite structures are consistently 10—15% lower. While
there is an overall increasing trend, the optimal relative den-
sity appears to be around 0.23—0.24 (approximately 271 kg/
m?), which yields the highest observed efficiency for the
VeroWhite lattices, ranging from 41 to 53% (Fig. 9, Table S3). It
should be noted that the maximum efficiency value, n = 53%
was measured for the configuration comprising 4 x 4 x 3 unit
cells with a wall thickness of 526 um, while in the other cases,
the wall thickness was only 394 um. This indicates that at
smaller length scales (close to the resolution of the 3D printer)
process-induced size-dependent mechanical behaviour of the
ligaments influences the energy absorption efficiency.

Among the three materials and printing techniques
employed, the Gyroid structure consistently exhibits the
highest energy absorption efficiency across all relative den-
sities. The Octet truss structure achieves comparable values at
higher relative densities when using PlasGray, while the
Kelvin lattice made of PA12 shows similar efficiency at a
relative density of 0.23. The trend further confirms that
structures dominated by stretching, such as SC and Gyroid,
perform better in terms of stiffness and strength. The Octet
structure shows enhanced energy absorption efficiency at
higher densities.

Numerical analyses were conducted on a select set of
previously tested lattice structures. Firstly, four different lat-
tice structures with a constant relative density of 0.23 (Table
S1 and Table S2 row 1) were analysed using the material
properties obtained for bulk PA12 and VeroWhite samples.
Secondly, a set of Gyroid lattice structures with varying rela-
tive densities (as summarised in Table S2) considering mate-
rial properties of PlasGray were examined. The numerical
results of the PA12 lattice structures with a relative density of
0.23 (Fig. 6e) under compression reveal an excellent agree-
ment with the experimental findings. However, it should be
noted that the FE predictions of the Octet lattice structure
showed higher strength and stiffness than those obtained
from experiments. This discrepancy can be attributed to the

Table 4 — Experimental vs. Numerical: Mechanical performance of lattice structures processed by MJ AM using VeroWhite

for 4 x 4 x 3 unit cell configuration and p = 0.23.

VeroWhite E [MPa] o [MPa] W [MJ /m3] n

EXP FEA EXP FEA EXP FEA EXP FEA
Octet 428 +29 88.7 21+02 4.5 0.98 + 0.08 2.9 0.47 + 0.04 0.65
Kelvin 52.2+33 91.9 2.6+0.2 4.1 0.69 +0.12 2.2 0.27 + 0.07 0.53
Gyroid 65.7 £ 5.9 88.1 3.2+03 4.1 1.67 +£0.11 2.5 0.53 +£0.01 0.62
SC 116.6 + 6.9 193.6 42+0.2 7.5 1.77 +0.11 4.6 0.42 + 0.01 0.62
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delicate structural members in the outer layers of the lattice,
which were only half the size of the inner ones, making them
more susceptible to damage and premature failure during
experiments. Increasing the number of repeating unit cells
could mitigate this issue. For larger strains, the predicted
curves remain in good agreement with the experimental data,
although the transition from the plateau regime to the
densification regime is more abrupt in the numerical analysis.
Furthermore, the analysis of energy absorption efficiency
confirms the same trend observed from experiments, where

Kelvin

e =14%

S, Mises (MPa) 80

the Gyroid structure outperforms other structures. However,
the magnitudes of the energy absorption efficiency values in
the experiments are slightly lower (Table 3).

Fig. 10 depicts the von Mises stress distribution under
uniaxial compression for both individual unit cells and the
lattice structure composed of 4 x 4 x 3 unit cells. The stress
distribution provides valuable insights into the mechanical
behaviour of the lattice structures. In the Gyroid structure, a
uniform stress contribution is observed, indicating the
absence of stress concentrations. This aligns with the

m— 7 mm

Fig. 10 — Von Mises stress contribution in PA12 lattice structures under quasi-static compression for p = 0.23. Top row
shows different unit cells, and the bottom row shows corresponding lattice structure.
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Fig. 11 — Comparison of deformation maps obtained from FEA and experiments for the Gyroid lattice printed using PlasGray
under uniaxial compression. The FE maps show the von Mises stress.

previously observed uniform stress-strain response. On the
other hand, the Kelvin unit cell exhibits higher stress con-
centrations in the vertical struts, while the horizontal struts
bear a lesser load. Additionally, stress peaks exceeding the
yield stress in compression (~40 MPa) observed for PA12 are
evident at the junctions, as indicated in the figure. This leads
to subsequent crack initiation and ductile failure. The Octet
unit cell demonstrates a uniform stress distribution with
stress peaks concentrated at the joints, as depicted in the
plot. In the case of the SC structure, stress is predominantly
concentrated in the vertical walls, whereas the horizontal
members experience relatively lower stress levels. The ver-
tical walls tend to buckle, resulting in maximum stresses on
the stretched side. Furthermore, stress concentrations are
observed at the vertical holes, which were introduced to
clean the model after printing. However, the magnitude of
these peaks is smaller compared to those caused by buckling.
Globally, stress concentrations are most prominent in the
outer layers of all the structures, reflecting the mechanical
behaviour of these regions.

The FE stress-strain results obtained for lattice structures
using the VeroWhite material model exhibit a good agreement

with the experimental findings. However, it should be noted
that certain mechanical properties, such as Young's modulus
and strength, consistently exhibit an overprediction, ranging
from 1.2 to 2.2 times the experimental values. Interestingly,
only the Gyroid structure exhibits a good agreement between
numerical and experimental data. Although the material
model showcased accurate predictions when applied to
macro-scale samples, it fails to capture the mechanical
behaviour of lattice structures composed entirely of micro-
scale features. This discrepancy is attributable to the
process-induced size-effect anomaly encountered with
photosensitive polymers, and such size-dependent variation
in curing kinetics affects the mechanical properties. This has
been demonstrated by performing tensile and compression
tests on bulk macroscale and microscale PlasGray specimens
(Please refer to Fig. 3 for the macroscale response and Fig. 4 for
the microscale response of PlasGray bulk material under
tension and compression). The superior performance of the
Gyroid structure can be attributed to its manufacturing con-
ditions, as it consists of one large, continuous surface that
eliminates stress concentrations typically found at corners or
junctions, as demonstrated in this study. Despite this

Table 5 — Summary of mechanical performance obtained both from FEA and experiments for Gyroid lattice structures

fabricated using PlasGray, indicating the % difference between both.

E [MPa] o [MPa] W [kJ /m3] H
) FEA EXP % FEA EXP % FEA EXP % FEA EXP %
0.12 4.6 4.32 +6% 0.29 0.15 +49% 188 94 +50% 0.64 0.61 +5%
0.18 8.2 8.65 —5% 0.76 0.50 +34% 466 262 +44% 0.56 0.53 +5%
0.24 13.3 13.61 —2% 1.26 0.96 +24% 862 534 +38% 0.54 0.53 +3%
0.3 16.8 16.85 +0% 1.72 1.33 +23% 1067 906 +15% 0.51 0.49 +4%
0.36 25.3 27.18 —7% 2.51 1.93 +23% 1643 1221 +26% 0.51 0.5 +2%
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Fig. 12 — Energy absorption efficiency of our AM-enabled micro-architected lattices in comparison with extant works

[51-55].

discrepancy, the predicted stress-strain response follows the
same trend as the experimental results. Consistently, the
PA12 Gyroid lattice structures showed a superior performance
in terms of energy absorption efficiency, as revealed in both
the simulations and experiments (Tables 3 and 4).

A comprehensive two-step analysis was conducted on
microscale Gyroid lattice structures 3D printed using the
PlasGray for a range of relative densities, p = {0.12,0.18,0.24,
0.3, 0.36}. The analysis aimed to examine the buckling
behaviour and account for imperfections in the structure's
geometry. In the first step, the first three eigenmodes of the
structures were determined to analyse their buckling char-
acteristics. The second step involved an explicit analysis that
considered the imperfections identified in the previous step.
This explicit analysis ensured that the stiffness of the struc-
ture was not artificially increased, as premature failure by
buckling was taken into account. Fig. 11 presents a compari-
son of deformation maps obtained from finite element anal-
ysis and experiments for the PlasGray Gyroid lattice under
uniaxial compression. The maps showcase the distribution of
von Mises stress concentrations, highlighting areas of local-
ized stress. Furthermore, the stress-strain response obtained
through FEA is compared with the experimental results.

The numerical values for Youngs moduli demonstrate
excellent agreement with the experimental results, with an
average deviation of only 2%. Following the material's yield
point, the stress reduction occurs at a slightly slower rate
compared to the experimental observations. As a result,
higher maximum stresses are reached, leading to increased
energy absorption, as indicated in Table 5. Notably, the stress
peaks in the simulations occur at similar positions as
observed experimentally, and the onset of densification is also
observed at strains of approximately 60%. The efficiency of the
lattice structures is remarkably well-matched with the
experimental data, with an average deviation of only 4%. This
trend shows a decrease in efficiency with increasing relative
density. For instance, a relative density of 0.12 corresponds to

an efficiency value of 64%, while a relative density of 0.36
corresponds to an efficiency value of 51%.

When testing cellular materials, small samples may have
different material properties than large samples [48]. The
material properties used to calibrate the FE model were ob-
tained from microscale tensile tests, with a gauge length of
~1 mm and a cross section of 0.09 mm? This approach
demonstrated a significantly improved predictive capability
compared to a previously calibrated material model based on
macroscale structures. Curing kinetics at smaller length
scales differ from those at larger length scales, suggesting the
need for additional post-curing to remove process-induced
size-effect anomaly [49,50]. However, a thorough investiga-
tion of this aspect is left to subsequent study. Buckling
behaviour was found to have a negligible influence on relative
densities above 0.18 (Fig. S2) with a slight reduction in initial
stiffness and strength by up to 10% and a delayed densifica-
tion onset observed at lower densities. Irrespective of the
dimensional influences, the difference between simulation
and experiment for the efficiency is within ~4%, in fact, it
shows the same trend of higher energy absorption efficiency
at low relative densities. Notably, the lattices demonstrated
herein surpass the energy absorption attributes of energy
absorbing lightweight lattice structures reported in recent
studies across a wide range of relative densities (Fig. 12).

4. Conclusion

In this study, the deformation mechanisms and mechanical
performance of truss-, shell-, and plate-lattice structures
processed by three different 3D printing techniques were
analysed both via experiments and finite element modelling.
Octet and Kelvin truss-lattices, Gyroid shell-lattice, and SC,
BCC, and FCC plate-lattices were investigated. Three different
materials, namely PlasGray printed using digital light pro-
cessing, PA12 printed using selective laser sintering, and
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VeroWhite printed using material jetting were utilised in the
study. Various sets of lattice structures with both constant
and varying relative densities ranging from 0.06 to 0.4 were
printed. Quasi-static compression tests were conducted to
evaluate the stiffness, strength, energy absorption capacity,
and energy absorption efficiency of each lattice structure.

In terms of stiffness and strength under axial loading
conditions, the SC structure exhibited superior performance
compared to other structures with the same relative density
for all materials and printing techniques employed. For Plas-
Gray with a relative density of 0.3, the SC structure displayed
Young's modulus values 2.1-14.5 times higher than any other
structure in the study. Similarly, for strength and energy ab-
sorption, the SC structure outperformed other structures with
factors ranging from 1.8 to 15.9 and 1.5-19.6 respectively.
Similar trends were observed for PA12 and VeroWhite mate-
rials. Following the SC structure, the Kelvin and Gyroid
structures showed comparable performance in terms of
stiffness and strength for PA12. However, for VeroWhite, the
Gyroid structure exhibited significantly better performance
than the Kelvin structure, likely due to the brittle nature of
VeroWhite material. On the other hand, the Octet structure
was most susceptible to fracture after yielding, resulting in a
significant drop in the stress for relative densities below 0.3
due to buckling. The BCC and FCC structures showed poor
performance, primarily due to their thin feature sizes of
213 pm and 170 pum respectively (using PlasGray). These
feature sizes were inadequate for the selected printing pro-
cesses and machines. Overall, it was observed that stretch-
dominated structures generally exhibited superior stiffness
and strength compared to bending-dominated structures. The
Gyroid lattices exhibit superior energy absorption efficiency
compared to other structures. For PlasGray, for the relative
density range of p = 0.36t00.12, the measured efficiency
ranged from n = 49 to 61%. This means that as the relative
density of Gyroid structures decreases their energy absorption
capability increases. In the case of PA12, an efficiency of up to
n = 68% was achieved at a relative density of p = 0.23.

Using three different calibrated constitutive models-
elastic-plastic, Drucker-Prager, and concrete damage plas-
ticity - finite element analyses were conducted on a selected
set of lattice structures. Examination of the stress distribution
in different unit cells demonstrates that the Gyroid structure
exhibits a uniform stress distribution without any localized
stress peaks, thanks to its continuous shape. The FE results for
microscale lattice structures indicate a size-effect anomaly
caused by the manufacturing process in photo-resin-based
methods. This anomaly results in discrepancies between
experimental and FE results, as observed in the case of Vero-
White. Since the material model for VeroWhite was calibrated
using macro-scale test data, the FEA of microscale lattices
doesn't yield a predictive capability. We addressed this issue
in the context of the DLP technique by identifying constitute
parameters through microscale experiments. By doing so, we
significantly reduced discrepancies stemming from the size-
effect anomaly. Such an approach leads to excellent agree-
ment between experimental and FE results. However, this
aspect requires a thorough study and is left to future study.
Despite the challenges in direct parameter comparison in
some cases, the deformation maps and trends obtained from

experiments remain consistent with FE results. Notably, the
FE results confirm the superior energy absorption efficiency of
the Gyroid structure, aligning with the experimental findings.
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