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A B S T R A C T

Lattice structures show a high potential in fields where high structural performances are necessary, such as 
automotive and aerospace engineering. These structures offer excellent stiffness and strength, while being able to 
keep their weight limited: main outcome of such characteristics are appreciable specific mechanical properties. 
Since lattice structures are mostly produced using additive manufacturing, a large number of shapes and to
pologies are available. Moreover, it is possible to control geometrical features, like thickness of the struts, 
eventual reinforcements and in general the local relative density of the structure, through mathematical and 
analytical considerations. The principal aim of the model developed in this paper is the control over the thickness 
of the struts of a lattice structure: samples made of lattice with different topologies are object to a functionally 
grading process able to redefine the thickness of each strut of the sample based on homogenizing the stress state; 
as a main result, energy absorption and specific energy absorption levels are increased. Two grading processes 
are presented: the first one considers relative density into the relationship for the reformulation of the thickness 
value, together with an average level of the Von Mises stress, while the second only considers the stresses. A 
validating experimental campaign has been finally performed: graded samples, with both processes, and un
graded samples are produced via L-PBF (laser powder bed fusion) and tested under compression in order to 
compare their energy absorption levels.

1. Introduction

Over the last decades lattice structures have progressively gained 
attention in different fields of engineering research. This is due to their 
excellent mechanical properties [1,2] that, together with their control
lable relative density, make lattice structures optimal when it comes to 
lightweight engineering [3]. Another important feature that makes lat
tice structure relevant and innovative is the way they are manufactured: 
classical manufacturing processes have been used as well over the years 
to create lattices [2,4], but additive manufacturing offers the possibility 
to generate and design lattice structures according to specific design 
requirements [5,6]. Given these assumptions, lattices are employed in 
many different engineering fields. Due to their nature and their variable 
relative density, these structures can be used and designed as heat ex
changers; research is very active in this field, investigating different 
lattice solution with different fluids [7–9]. Lattices are extremely 

functional metamaterials, in fact different aims can be pursued: in [10], 
these structures are employed as reinforcement in the leading edge of an 
aircraft wing, where both anti-icing, therefore specific heat flow design 
requirements, and energy absorption properties, in case of bird-strike or 
debris impact, are essential. In the aerospace sector they are used for the 
generation of panels for different purposes: [11] and [12] present in
vestigations over cylindrical lattice panels and cylindrical lattice rein
forcement for composite panels. Besides the aeronautical field, the 
concept of lattices can be found in the space sector as well; repetitive 
architecture unit panels are investigated in [13] for spacecraft shielding 
purposes. Also, lattices are largely employed in the design of orthopedic 
implants [14,15], both for their mechanical properties and their excel
lent biocompatibility.

The topic of energy absorption in lattices is widely investigated by 
means of different tools such as computational analyses using the finite 
element method (FEM). Both the static and the dynamic mechanical 
response of truss lattice structures under compression from the point of 
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view of energy absorption are studied in [16–21]. More detailed in
vestigations about the behavior of lattices under quasi-static crushing 
can be found in literature: in [22] energy absorption properties of a bio- 
inspired corrugated lattices made of nylon are studied under the effects 
of quasi-static compression both using FEM and experimental tests. The 
process of using FEM, and in general computational analysis, for the 
simulation of the quasi-static behavior of lattices followed by validating 
experimental tests is common: in [23] both FEM and tests are employed 
for an investigation on energy absorption capabilities of polymers-filled 
steel lattices. The same process is employed for the investigation of both 
conventional and non-conventional lattice topologies and different 
materials: bio-inspired corrugated nylon lattices [22], diamond shell 
lattices object to a mapping method [24], strut-plate lattices inspired by 
fiber-reinforced composite materials [25], tetrahedral lattices [26], 
tessellated dual-material bio-inspired lattices improved for energy ab
sorption [27], hybrid rhombic dodecahedron-octet lattices [28] and 
many different hybrid structures [29–31]. FEM can also be employed for 
studying the influence of manufacturing defects on the energy absorp
tion properties of lattices [32]. Non-linear dynamic FEM is often used for 
impact and high speed crushing simulations [33–35], though experi
mental tests using dropping weight [36] and Hopkinson pressure bar 
[37] are necessary for an adequate characterization of the lattice ma
terials involved.

The available literature also offers a wide collection of optimization 
processes for lattice structures inherent to different aspects of the lattice 
nature: in [38] the optimization process works on the shape of the single 
cell composing the lattices in order to minimize the relative density and 
at the same time satisfy the design constraints imposed. In a similar way, 
anoptimization process based on strut thickening is proposed in [39], 
yet this kind of process starts working at a more global level than the one 
of the single cell. Different features of the structure can be addressed by 
the process at the same time: in [40] the model works both at the macro- 
scale and the micro-scale level, including the possibility to create hybrid 
cells together with mathematical fields defining the local relative den
sity of the analyzed structure. Multi-scale optimization processes have 
also been applied in presence of mixed boundary conditions [41] and 
together with the employment of non-uniform rational basis spline 
(NURBS) [42]. Similarly, [43] presents the possibility to both optimize 
the microstructure of the constituent material addition of specific par
ticles and the general architecture of the structure. More classical opti
mization processes based on structural grading can be found as well: 
[44] presents the results of compressive tests performed on bidirec
tionally graded lattices, while in [45] a grading approach based on the 
stress is shown. Multi-morphology approaches are also common for 
lattice structures: in [46] and [47] investigations about the employment 
of topologically different cells in the same sample in order to enhance 
energy absorption, and mechanical properties of lattices, are presented. 
Optimization processes can also address thermal problems, besides 
purely structural ones, as it can be appreciated in [48]. As it can be seen 

in the above-mentioned papers, structural grading and in general to
pological optimization, also by means of cell combination, play impor
tant roles in exploiting the possibilities which lattices offer with respect 
to mechanical properties, in particular energy absorption. Basically, 
optimization processes applied on lattices can be based both on using 
different types of lattice cells in order to obtain multi-morphology 
structures and on grading aimed at maximizing a specific mechanical 
property.

In this paper, a structural grading process based on the maximization 
of energy absorption that leads to a homogenization of the stress state of 
the considered lattice is presented. The degree of novelty that can be 
appreciated in this work lies in the fact that it is not simply the mere 
application of a grading design [49] and it does not consider the 
employment of different lattice cells (several problems regarding the 
geometrical connectivity can occur) for the maximization to lead to an 
energy absorption and stress distribution improvement. The innovative 
contribution of this work lies in the employment of an ad-hoc procedure 
aimed at the maximization of energy absorption and the homogeniza
tion of lattices, operating in parallel to the FEM model, without using 
pre-defined embedded optimization tools and based on the behavior of 
the lattice component when not graded yet. The grading procedure is 
based on the stress configuration the sample itself is showing when 
crushed and not on an external stress field imposed by the user, allowing 
the control of the load path as well. This tool can be used as a pre-sizing 
approach, allowing an initial dimensioning of the lattice structure 
involved in the design. For this investigation, the process is applied to 
samples, but it can be easily extended to lattice components. Material 
considered for both simulation and production of lattice structures for 
this study is aluminum alloy AlSi10Mg. At first, static compressive an
alyses are performed, and the stress configuration of the samples is 
mapped. Based on the consideration made about the stress distributions, 
two different grading approaches are proposed, aimed at homogenizing 
the stress state and redefining the load path inside the samples. The main 
difference between the two grading approaches is the implicit consid
eration of the relative density ratio between the final configuration and 
the initial one. Selected samples are later printed via L-PBF process both 
in the original configuration and the graded ones, and tested under 
compression load, as a validation of the computational results.

The paper is structures as it follows: chapter 2 deals with the defi
nition of the model for the grading process and the description of the 
FEM model; chapter 3 describes the different features of the experi
mental campaign, including the sample manufacturing and testing; 
chapter 4 shows the results obtained from the grading process applica
tion and the comparison with the results from the experimental 
campaign, and the relative observation and discussions; conclusions are 
presented in chapter 5.

2. Model

Based on previous investigations [16,50] and available literature 
[17,35], the lattices selected for this investigation are body centered 
cubic (bcc), body centered cubic with the addition of z-oriented struts 
(bccz), face centered cubic (fcc), face centered cubic with the addition of 
z-oriented struts (fccz), mixed body and face centered cubic (fbcc) and 
mixed body and face centered cubic with the addition of z-oriented 
struts (fbccz). Such a group of lattices allows the study of how different 
topological features influence the effects on the energy absorption and 
mechanical properties. In this case these features are the different 
orientation of the struts, between bcc and fcc, combination of cells and 
vertical reinforcements through vertical struts. From here on cells with 
the addition of z-oriented struts at the corner will be referred to as z- 
reinforced. The representative volume element (RVE) is cubic and pre
sents a fixed edge length of 3 mm. Fig. 1 shows the group of lattices 
considered.

Energy absorption properties are commonly retrieved through the 
following expressions [51] using the stress–strain diagrams obtained by 

Nomenclature

FEM Finite element method
L-PBF Laser powder bed fusion
EA Energy absorption
VEA Volumetric energy absorption
SEA Specific energy absorption
bcc Body centered cubic
fcc Face centered cubic
fbcc Mixed body and face centered cubic
bccz Body centered cubic
fccz Face centered cubic
fbccz Mixed body and face centered cubic
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the tests: 

VEA =

∫ ε

0
σ(ε)dε (1) 

Therein, VEA is the volumetric energy absorption, while σ and ε are the 
equivalent stress and strain. Through VEA (1), the energy absorption 
(EA) (2) and the specific energy absorption (SEA) (3) can be obtained: 

EA = VEA*V (2) 

SEA =
EA
m

(3) 

Herein, V is the volume and m is the mass of the sample considered.
The first step of the process consists in assessing the stress state of the 

initial lattice configuration. To achieve this, static compression simu
lations are performed. The software used is Ansys Workbench, with its 
embedded static solver. Six homogeneous samples based on the repre
sentative unit cells shown in Fig. 1 are considered. The investigated 
samples consist of 10x10x10 unit cells with an initial strut diameter of 
0.37 mm and a cell size of 3 mm. Cell size and initial strut diameter are 
chosen considering previous investigations made on the topic of energy 
absorption investigation and impact analysis [16,17,35,50].The bilinear 
material model employed in the frame of FEM simulations is issued from 
a previous work [16]. The material properties are listed in Table 1.

Linear 2-noded beam elements employing the Timoshenko beam 
theory have been used in the FEM model, With each node presenting 6 
degrees of freedom, 3 translational and 3 rotational. Based on a sensi
tivity analysis, the necessary characteristic length of one element is set 
to 1.5 mm, resulting in 2 beam elements per strut. The sensitivity 
analysis conducted has been considering the stress output of fixed re
gions of the model to define the suitable mesh characteristic dimension. 
The following loading and boundary conditions are applied (Fig. 2): the 
bottom surface of the FEM model is rigidly fixed while a − 2 mm 
displacement is imposed on the top surface, which represents a crushing 
plate. The displacement range from 0 mm to − 2 mm is divided into 150 
equally spaced substeps. In Ansys Workbench, substeps division for 
nonlinear static analyses allows the generation of force–displacement 
diagrams, a very useful tool in particular when using a nonlinear ma
terial model, as in this case. Number of substeps to be imposed has been 
defined on the basis of a sensitivity analysis.

Stress–strain curves, necessary for the evaluation of energy absorp
tion properties (1)-(3), are determined from force-displacement curves 
through: 

σ = F/a ε = δ/L (4) 

Therein, F is the registered force reaction, A is the horizontal section 
area of the specimen, δ is the displacement of the upper surface and L is 
the vertical edge length of the specimen.

In order to obtain a discrete mapping of the stress distribution, the 
stresses of each element are extracted. Data extraction and matrix gen
eration, as well as the whole grading process, are performed using a 
Matlab routine. The equivalent stress σe comes from the combination of 
two standard output of Ansys Workbench: the axial stress σdirect, and the 
maximum bending stress σbendingMAX. These two contributions are able to 
keep track of the two main lattice solicitation modes, that are axial and 
bending, in a single indicator, allowing to generate an equivalent stress 
parameter that considers the mixed load configuration of the strut. The 
expression for the definition of σe,i for a given element i is: 

σe,i =
⃒
⃒σdirect,i + σbendingMAX,i

⃒
⃒ (5) 

The maximum equivalent stress registered in each cell of each sample is 
extracted from the output files of the analyses in order to generate a 
10x10x10 matrix containing these maximum stress values. Based on this 
mapping, the process is developed based on a structural grading by 
means of strut diameter variation. This process relies on several as
sumptions. The first hypothesis stipulates that the displacement the 
ungraded sample is subject to is equal to the one of the graded one, 
therefore: 

ε = ε0 ↔ δ = δ0 (6) 

Herein, δ0 is the displacement of the upper surface of the ungraded 
sample. The second hypothesis assumes that the force reaction F for a 
single cell is proportional to both the maximum equivalent stress σe 
registered in the cell and the diameter of the struts t: 

F∝σe,MAXt2 (7) 

At that point two grading approaches are developed. The first one es

Fig. 1. Lattice cells considered, from left to right: bcc, bccz, fcc, fccz, fbcc, fbccz.

Table 1 
Properties used for the AlSi10Mg bilinear model employed in FEM simulations, where ρ is density, E is the elastic modulus, ν is the Poisson ratio, G is the shear modulus, 
σU is the ultimate stress, σY is the yield stress, εU is the ultimate strain, εY is the yield strain and ET is the tangential modulus.

ρ [g/mm3] E [GPa] ν G [GPa] σU[MPa] σY[MPa] εU εY ET[MPa]

0.00268 75 0.33 28.195 400 250 0.07 σY/E = 0.00333 σU − σY

εU − εY
= 2250

Fig. 2. Graphical representation of the boundary and load conditions applied 
to the samples for the FEM simulations.
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tablishes the relationship between force reaction and relative density ρR 
(8) while the second one only considers the force equilibrium for both 
graded and ungraded samples (9); in expressions (8) and (9) parameters 
with zero subscript refer to initial ones from the ungraded sample. 

F
F0

=
ρR

ρR0
(8) 

F = F0 (9) 

Therefore, different formulations of the strut diameter are employed. 

t1 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
σe,MAX

σeT

)(
ρR

ρR0

)

t2
0

√

(10) 

t2 =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
σe,MAX

σeT

)

t2
0

√

(11) 

Where σeT is a stress threshold that is explained below, and t0 is the 
initial strut diameter.

In frame of the first process, the following relationship between 
relative density and diameter of the struts is used: 

ρR = A
(t

l

)2
+B

(t
l

)3
(12) 

Therein, l is the edge length of the cell, and the relationship between t 
and l is the aspect ratio of the cell relative the diameter. A and B are two 
coefficients that differ for each topology, and which are evaluated 
through a polynomial fit. Polynomial expression (12) gives the possi
bility to evaluate the relative density from the thickness over cell edge 
length ratio, based on the Ashby model [1] for open cells. Coefficients 
are given in Table 2.

Not all of the strut diameters are changed: only selected cells are 
subject to the process, and those are chosen according to a threshold. If 
the maximum equivalent stress of the cell exceeds the threshold, the 
diameter of the cell can be changed according to (10) or (11). The 
concept defining a stress threshold that influences the modification of 
the lattice can also be found in [45]: the difference with the model 
method presented here works at the scale of the single cell. Three 
different thresholds are considered, in order to appreciate the potential 
of the processes at different levels: 

• Threshold 1: 25 % of the average maximum stresses registered in 
each cell. Hardly any maximum stress per cell will exceed the 25 % of 
the average (this percentage allows though to at least catch border 
effects and stress peaks in most cases [52]

• Threshold 2: minimum of the maximum stresses registered in each 
cell. By employing this threshold, basically every cell of the lattice 
will change its diameter.

• Threshold 3: average of the maximum stresses registered in each cell. 
The third case represents a kind of middle condition, where there is a 
proper balance between the mass increase and the improvement of 
energy absorption properties.

New stress and strain outputs are recalculated for the new lattice 
configurations. Therefore EA, VEA and SEA of the graded sample can be 

recalculated via Matlab without performing another time-consuming 
FEM-analysis. In order to establish the correctness of such results, a 
final comparison with a FEM model has been performed and results of 
such comparisons will be shown in the results chapter.

3. Experimental tests

In order to validate the process, an experimental testing campaign is 
performed. Samples showing higher energy absorption (see Table 5 in 
section 4) and adaptivity to the grading process have been printed and 
tested under compression load: bcc and bccz samples are the considered 
ones. Such samples are printed in three different cases: the initial one 
and the graded ones via process 1 and 2. The threshold chosen for the 
grading of the samples to be printed is threshold 3, since its application 
results into high energy absorption.

3.1. Sample manufacturing

Table 3 shows information about the printed samples and their 
numeration.

Five specimens for each configuration have been printed, plus one 
for each initial configuration. The samples listed in Table 3 have been 
printed at the Lightweight Engineering and Structural Mechanics Insti
tute of the Technical University of Darmstadt, using an EOS M290 L-PBF 
system processing AlSi10Mg powder. In particular, z-reinforced samples 
have been manufactured with the vertical extra strut aligned with the 
printing direction.

Samples are removed from the printing plate and manually grinded 
in order to remove the exceeding material, until the final height of 30 
mm is reached. Later, in order to remove powder residues from the 
struts, an ultrasonic cleaning machine, where samples need to be 
immerged in distilled water, has been used; samples are then dried at 
80 ◦C for 16 h. Also, a vacuum desiccator has been used for removing air 
bubbles in order to properly measure the density of the samples via 
Archimedes’ method [53]. The last step, before proceeding with static 
tests, is to perform a specific heat treatment identified as appropriate for 
AlSi10Mg [54], consisting of an annealing at 350 ◦C for 2 h: as-built 
samples present, in fact, a brittle behavior that is not suited for energy 
absorption applications.

3.2. Compression tests

Experimental tests have been performed according to the German 
standard for the compression of cellular material [55]. The machine 
used for compression tests is a ZwickRoell Z100. Lattice specimens are 
compressed between two aluminum plates; the upper head of the ma
chine is operated hydraulically in displacement control with a 
displacement rate of 0,3 mm/min, while the force is measured. Samples 
are compressed along the printing direction, which is the direction 
normal to each layer of which the samples are composed.

Raw output data from the machine at the end of a test are force
–displacement diagrams: those are easily convertible into stress–strain 
diagrams by means of expression (4). Once stress–strain diagrams are 
defined, it is possible to extract mechanical and energy absorption 
properties such as: Young modulus, yield stress σy, plateau stress σpl, 
densification point εD, energy absorption efficiency η, EA, VEA and SEA. 
Standard used is DIN 50134 [55] whereby plateau stress is defined in the 
range between strain equal to 20 % and 40 %. Definition of εD alters 
from the standard: it has been defined as the strain equivalent with the η 

Table 2 
Coefficients for the definition of the relative density (from [16].

Cell A B

bcc 5.4424 − 4.9020
bccz 6.2274 − 6.1502
fcc 4.4434 − 3.9141
fccz 5.2295 − 5.44177
fbcc 9.8981 − 12.8319
fbccz 10.6694 − 14.3042

Table 3 
Classification and numeration of the printed samples.

Cell Initial Process 1 Process 2

bcc 1–5/16 6–10 11–15
bccz 17–21/32 22–26 27–31
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absolute maximum, as in a previous investigation [16]. Results of 
experimental tests, grading process, and their comparison, can be found 
in the next section.

4. Results

Results generated are shown in this chapter: early results from the 
static simulations can be considered the starting point of the investiga
tion. Energetic properties improvements obtained from the processes 
application are evaluated on the basis of the initial properties. Such 
enhancements are verified through FEM simulation of the graded sam
ples and later validated through results from the experimental 
campaign. Results will be discussed at the end of the chapter.

4.1. Results of the static simulations and stress state

The force reaction, EA (2), VEA (1) and SEA (3) from static simula
tions described in paragraph 2.1 are collected in Table 4.

Equivalent stress fringes of all the samples simulated can be seen in 
Figs. 3-5: such stress representations can be useful in the recognition of a 
common issue, especially for lattices, that is the load path. Stress is 
concentrated in specific zones of the sample, leaving others almost 
unloaded: this results in an incomplete exploitation of the possibility the 
lattice, and in particular that specific topology, is offering. Such prob
lems can be found both in compression and in tension [52]. Higher stress 
concentrations are therefore isolated and schematized in Fig. 6, where it 
is possible to recognize specific behaviors: the bcc topology presents a 
cross-shaped load path, going from edge to edge, therefore generating a 
critical zone in the exact middle of the sample. This behavior is expected 
from bcc lattices, because of the presence of only diagonal struts. The 
situation is different when considering fcc lattices, that show stress 
concentrations on the vertical lateral surfaces. In fact, this topology 
presents struts aligned with the main horizontal axes only. Such con
centrations are though hourglass-shaped since struts have a 45◦ angle 
orientation. Fbcc, as a combination of the two previous topologies, 
present a combination of the two stress fields: a cross-shaped load path is 
present going from corner to corner of the outside lateral surfaces. All of 
the z-reinforced counterparts of these configurations present a common 
stress concentration scheme, where the middle sector of the sample is 
the most loaded; also, concentrations are present at the corners of the 
sample, but those are due to border effects.

4.2. Results of the two grading processes

In this section, results from the grading process are shown. First of 
all, Table 5 shows the minimum and the maximum diameters reached 
for each specimen after one iteration of the process has been performed, 
for all of the thresholds. Subscript numbers define what grading process 
has been used.

Differences in term of diameters are clearly visible both from the 
table and from the pictures of the samples: only graded samples that 
have been verified through FEM simulations, using threshold 2 (the one 
that shows best results in terms of VEA and SEA enhancement) are 
represented in Figs. 7-8. Equivalent stress representations and schema
tizations are visible in Figs. 9-12, where it is possible to appreciate how 
the stress concentration pattern is changed: the load is distributed over 
the whole sample, rather than in specific areas, and this happens 

especially for z-reinforced samples modified via process 1. Stress con
centration path modifications due to the grading can also be seen in the 
maps of the maximum equivalent stresses registered per cell of the 
horizontal central plane (the one lying on the x-y plane) of the sample, 
placed in the appendix.

With respect to the SEA and VEA values that can be found in Table 4, 
their increases in percentage are shown in Table 6. Gains obtained using 
threshold 3 are evident: this threshold has also been used for both the 
verification of the grading process through FEM and the validation of the 
model with the experimental tests.

In order to show the efficacy and the accuracy of the Matlab process 
in recalculating the VEA and SEA levels of the graded samples, histo
grams in Figs. 13-14 shows comparisons between VEAs and SEAs of the 
initial samples together with the ones redefined with the Matlab process 
and the validating FEM simulations performed on the graded samples. 
Results shown are inherent to the employment of threshold 2, while 
percentages on histograms are relative to the increase of VEA and SEA 
with respect to the original configuration.

4.3. Results of the experimental tests

Printed samples can be seen in Fig. 15 in their as-built configuration 
on the build platform. Medium densities measured through Archimedes’ 
method for each configuration can be found in Table 7: given low 
standard deviations, it is possible to say that data acquired are valid. 
Stress–strain diagrams from experimental tests can be seen in Fig. 16. 
Differences between the two types of samples are evident: bcc, exception 
made for the sample graded via process 1 that has a quite higher relative 
density, has no local maximum at the beginning of the plateau, while 
bccz has the tendency to show more than one local maximum (less 
visible for bccz and bccz2) corresponding to the collapse of each layer. 
Such a trend has already been seen in a previous investigation [16].

Figs. 17–19 show obtained stress–strain diagrams, overlapped with 
efficiency diagrams, in order to allow a visual perspective of how the 
densification strain is defined. Also, these figures show the three main 
regions of the stress–strain diagrams, that define the mechanical 
behavior of lattice, and cellular solids in general. All of the mechanical 
properties defined in the DIN standard [55], including Young’s modulus, 
yield stress, plateau stress and densification strain, together with energy 
absorption properties (1)-(3) are evaluated and collected in Table 8.

In order to allow a proper comparison between all of the tools used 
for the evaluation of the energetic properties of lattices involved in the 
validating experimental campaign, SEA and VEA bar graphs for all of the 
configuration tested are shown in Figs. 20-21: values obtained from FEM 
simulation evaluated though Matlab and obtained from experimental 
stress–strain diagrams are present.

4.4. Discussion

Results from the initial static simulations with the bilinear material 
model, presented in Table 4, are in line with results from previous in
vestigations made about the same lattice topologies [16,17]. Z-rein
forced lattices present a noticeable enhancement for both energy 
absorption and specific energy absorption. Best performing topology 
from the point of view of pure EA is fbccz, though it is surpassed by fccz 
when it comes to SEA, since this topology show the best compromise 
between absorbed energy and mass.

Besides the main aim of the developed process, that is the 
enhancement of the EA properties, a secondary objective is the ho
mogenization of the stress field, trying to generate configurations that 
can limit and mitigate stress concentration. Given the results obtained in 
terms of stress mitigation, load path of the sample is modified. In 
particular, it is clear from Figs. 9 and 11 that corners of the graded 
samples have been made stiffer, resulting into a homogenization of the 
stress in the top/bottom plane of the sample. A similar result has been 
obtained for tensile samples made of truss lattices in [52]. It has to be 

Table 4 
Properties defined from compression simulations for ungraded samples.

bcc bccz fcc fccz fbcc fbccz

Force reaction [N] 1635.6 7447.4 4795.9 10,224 7740.8 13,351
EA [mJ] 683.1 3356.1 1917 4266 2937.6 5445.9
VEA[mJ/mm3] 0.0253 0.1243 0.0710 0.1580 0.1088 0.2017
SEA [mJ/g] 114.0 477.0 356.2 663.86 258.4 438.7
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said that these two phenomena, stress concentrations mitigation and 
energy absorption maximization are linked to each other, since the 
absence of critical zones in the sample means that all of the sample is 
absorbing energy in the most efficient way possible.

Depending on the process used and the threshold for the selection of 
the cells to be modified imposed, the diameters distribution can vary 

significantly as is evident from Table 5. As expected, threshold 1, that 
equals to applying the process only to cells where the maximum 
equivalent stress exceeds the 25 % of the average maximum stresses 
registered in the whole sample, is the one affecting less the renewal of 
the diameters. In every sample, and for both processes, there are certain 
cells that are not object to the grading process; also, the maximum 

Fig. 3. Representation of equivalent stress distribution for ungraded samples bcc (left) and bccz (right) from Ansys.

Fig. 4. Representation of equivalent stress distribution for ungraded samples fcc (left) and fccz (right) from Ansys.

Fig. 5. Representation of equivalent stress distribution for ungraded samples fbcc (left) and fbccz (right) from Ansys.
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diameter never goes beyond less than three times the initial one. The 
situation is totally different for threshold 2, where the process is applied 
to all of the cells presenting a maximum equivalent stress higher than the 
minimum of the maximum stresses registered in each cell: that means all 
of the cell undergoes the grading process with no discrimination. The 
main problem with this threshold is that diameters reached can be 
extremely high; in bcc1 and fcc1 for example, the maximum diameter 
obtained is almost 3 mm that is equal to the edge length of the single 
lattice cell. In other words, the concept of lattice as a cellular material is 

lost, since it has almost become a bulk material, unable to absorb energy 
with the same behavior as a lattice, and therefore out of the interest of 
this investigation. Threshold 3 represents the midpoint between the 
previous ones, where the limit is the exact average of the maximum 
equivalent stresses registered. As for threshold 1, there are cells that are 
not modified, but maximum diameters obtained still allow the material 
to be defined as a lattice structure. Bcc and bccz graded samples (using 
threshold 3), that can be seen in Figs. 7-8, show evident differences in 
diameters between process 1 and 2.

The influence of the process on initial diameters (Table 5) is reflected 
on the SEA and VEA percentage increases present in Table 6: threshold 1 
presents very limited advantages, especially when relative density is 
high and process 1 is employed: fbcc1 and fbccz1 present a SEA per
centage increase below 1 %. Threshold 2 on the contrary performs 
extremely high concerning SEA and VEA, but as already mentioned the 
material obtained cannot be interpreted as a lattice structure. Finally, 
threshold 3 offers a good enhancement of the properties, without 
increasing the mass excessively. Best performing samples have been 
both verified via FEM and experimentally validated. From the FEM 
verification, as it can be seen in Figs. 9-12, especially with process 1, 
stress concentrations are limited as well as border effects minimized. 
Best results from the point of view of the limitation of the border effects 
but also the homogenization of the stress field are obtained for bccz 
graded versions (Figs. 11-12), where corner concentrations are limited. 
FEM verification exhibits how the definition of both SEA and VEA for 
graded samples via Matlab is efficient and accurate within a certain 
margin: Figs. 13-14 show how the difference between SEA and VEA 
increases calculated with Matlab and FEM validation are in the order of 
1–5 %. Advantages of this tool are present also from the point of view of 
time elapsed for the definition of these properties, considering that the 
Matlab routine takes from the 3 to 4 min while the FEM simulations 
(without considering the post-processing of the data obtained) take 
between 3 and 8 h.

Samples selected for the FEM verification are also experimentally 
validated via compression load. Results obtained in Table 8 show how 
mechanical properties are influenced by the two processes. Process 1 
tends to reduce the densification strain, therefore limiting the 
displacement until where the lattice is able to absorb energy. At the 
same time, the plateau stress is increased, enhancing the area defining 
the absorbed energy on the stress–strain diagram in the vertical direc
tion. Figs. 20-21 show a comparison between VEAs and SEAs evaluated 
through FEM, Matlab and experimental tests (at the same strain, for sake 
of confrontation). Trends are the same for every way the properties have 
been evaluated, though it is evident how for bcc, and its graded versions, 
both VEA and SEA from experimental tests are two times or more higher 
than the ones evaluated from FEM and Matlab routine. The difference 
between these values lies in different factors; first, simulations are 

Fig. 6. Equivalent stress concentration schemes for all of the un
graded samples.

Table 5 
Minimum and maximum diameters of the graded samples for process 1 and 
process 2 (numbers next to samples) considering all of the thresholds.

Sample Threshold 1 Threshold 2 Threshold 3

tMIN 

[mm]
tMAX 

[mm]
tMIN 

[mm]
tMAX 

[mm]
tMIN 

[mm]
tMAX 

[mm]

bcc1 0.37 0.9084 1.0144 2.9928 0.37 1.3929
bcc2 0.37 0.4091 0.4183 1.0952 0.37 0.4573
bccz1 0.37 0.9248 0.5038 2.2981 0.37 1.3474
bccz2 0.37 0.4157 0.3796 0.7027 0.37 0.4648
fcc1 0.37 0.7184 1.4051 2.6686 0.37 1.2559
fcc2 0.37 0.3932 0.4558 0.7509 0.37 0.4397
fccz1 0.37 0.8446 0.3701 1.6115 0.37 1.1869
fccz2 0.37 0.4028 0.3701 0.5202 0.37 0.4504
fbcc1 0.37 0.5873 1.1296 1.7025 0.37 0.8702
fbcc2 0.37 0.3840 0.4540 0.6597 0.37 0.4293
fbccz1 0.37 0.4138 0.4872 1.4390 0.37 0.7651
fbccz2 0.37 0.3727 0.3822 0.5658 0.37 0.4167

Fig. 7. Bcc1 and bcc2 graded samples (using threshold 3).
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performed using beam elements that can result into less accurate results 
than solid elements, that would have required a higher computational 
effort for simulations that already lasted between 3 and 8 h to be per
formed. Another reason for this discrepancy can be found in the prop
erties used for the definition of the constituent material of lattices: 

modeled AlSi10Mg (from Table 1) can differ from the actual one. First of 
all, a bilinear model is used for the simulation, which means that the 
plastic stage of the material is not perfectly replicated; also, as described 
in chapter 3, samples additively manufactured have been object to an 
annealing process in order to obtain an improved ductile behavior, 

Fig. 8. Bccz1 and bccz2 graded samples (using threshold 3).

Fig. 9. Representation of equivalent stress distribution for bcc1 (left) and relative equivalent stress concentration scheme (right).

Fig. 10. Representation of equivalent stress distribution for bcc2 (left) and relative equivalent stress concentration scheme (right).
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leading to a variation of the initial properties. However, the main reason 
of discrepancy between experimental and modeled values of absorbed 
energy lies into the local deformations experienced by the samples. In 
fact, the experiments show the comparison of plastic hinges positioned 
at struts intersections that behaves differently from the rest of the lattice 
structure. This effect is limited to bcc cells, while is largely reduced in 

case of z-reinforced samples. The local plasticization of the material is 
accompanied by large displacements and rotations at each node, which 
is not captured by the models although they contribute to increase 
sensitively the energy absorption of the entire structure. Finally, simu
lations do not take into consideration the friction that can be present 
between the sample and the crushing plates: this is also a main cause of 

Fig. 11. Representation of equivalent stress distribution for bccz1 (left) and relative equivalent stress concentration scheme (right).

Fig. 12. Representation of equivalent stress distribution for bccz2 (left) and relative equivalent stress concentration scheme (right).

Table 6 
SEA and VEA percentage increases for process 1 and 2 (numbers next to the samples) considering all of the thresholds, with respect of SEA and VEA values present in 
table 4.

Sample Threshold 1 Threshold 2 Threshold 3

SEA increase VEA increase SEA increase VEA increase SEA increase VEA increase

bcc1 +8.1611 % +14.6250 % +97.9656 % +373.5205 % +62.0911 % +168.7713 %
bcc2 +7.1197 % +7.5099 % +125.7209 % +404.7419 % +10.7631 % +16.6012 %
bccz1 +9.2978 % +17.1360 % +92.4692 % +355.8356 % +48.5460 % +120.5102 %
bccz2 +7.0102 % +7.6109 % +51.6923 % +127.5933 % +12.6380 % +17.6990 %
fcc1 +5.0125 % +9.1549 % +99.0058 % +376.2092 % +54.3633 % +140.7094 %
fcc2 +7.0102 % +7.3239 % +70.6327 % +189.152 % +8.4243 % +12.9581 %
fccz1 +1.5395 % +2.5316 % +86.4743 % +326.5852 % +25.6130 % +55.1275 %
fccz2 +8.0490 % +9.1041 % +15.8018 % +33.5443 % +9.7483 % +11.8992 %
fbcc1 +0.5929 % +1.1029 % +75.9475 % +321.2357 % +18.1493 % +41.9122 %
fbcc2 +4.4623 % +4.5037 % +54.1981 % +136.4180 % +5.3055 % +7.5368 %
fbccz1 +0.1041 % +0.2478 % +72.2363 % +305.5611 % +19.2940 % +46.7538 %
fbccz2 +0.9273 % +0.9419 % +35.9917 % +84.1840 % +4.7786 % +7.3376 %
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the difference between models and experimental data. FEM and Matlab 
results are more accurate and in line with experimental results when it 
comes to z-reinforced samples, showing that differences also depend on 
the topology of the constituent cell of the samples.

Considering results obtained from experimental tests, SEA and VEA 
increases of the graded samples with respect to uniform samples can be 
compared to different data that can be found in literature concerning the 
application of graded design to lattices subject to uniaxial compression. 
In [56], a + 23 % VEA increase has been registered for a functional 
linear grading design of a lattice sample presenting f2bcc cells. The 
grading applied in this study aims at obtaining an average relative 
density of the graded sample equal to the one of the uniform one, 
obtaining same masses for both samples. The VEA increase of this design 
can be therefore compared to the bccz2 VEA increase present in this 
investigation, that is equal to + 22 %. Both bccz and f2bcc presents in fact 
similar behaviors in terms of structural behaviors (as it can also be 
appreciated in [16]. Comparable results has been obtained in [57] as 
well, where + 60 % for VEA has been performed by functionally graded 
sheet lattices with respect to uniform ones. Considering the evident 
differences between the structures involved in the comparison, such 
increases still are in the same order of magnitude of the ones that can be 
found in this study (+23 % bcc2, +92 % bccz1). A gradient based on 
modifying the side lengths of sc-fcc lattice cells has been applied in [58], 
obtaining comparable results with the ones presented in terms of SEA. 

Two different kind of grading, based on reinforcing specific zones of the 
sample have been applied, leading to two configuration presenting 
respectively + 41 % and + 21 % SEA increases with respect to uniform 
samples. Such values can be compared to the SEA increases evaluated in 
this investigation (+80 % bcc1, +13 % bcc2, +40 % bccz1, +14 % bccz2).

Overall, it can be said that the grading process, in particular the first 
one, together with the employment of threshold 3, is able to produce 
local reinforcements in the lattices aimed at generating significant 
changes in the configuration of the selected samples from different 
points of view: including the homogenization of the stress field, that 
makes the compression process much more efficient, and the improve
ment of the energy absorption properties also when it comes to 
obtaining a good compromise between the energy absorbed and the low 
mass of the sample. Benefits of the process from the point of view of the 
homogenization of the stresses can be appreciated in the maps of the 
maximum stresses registered presented in the appendix: this works 
better for z-reinforced samples, especially bccz. Moreover, similar, if not 
superior, performances can be appreciated in terms of SEA and VEA 
variations with respect to the application of simply linear and func
tionally graded design applied to lattice structures found in literature. 
The approach of the process presents limitations as well: at the moment, 
the developed routine is able to modify the diameter of the struts at the 
level of a whole cell; in other words, every cell must present the same 
diameter. Better results could be achieved by allowing the modification 

Fig. 13. SEA and VEA for bcc (left) and bccz (right) histograms, respectively for the initial configuration (blue), the graded via process 1 configuration with SEA and 
VEA evaluated via Matlab (green) and the graded via process 1 configuration with SEA and VEA evaluated via FEM (yellow).
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of the diameter at the level of the struts and not the cells: a more ho
mogeneous stress field together with less critical zone to be manufac
tured (sudden changes in strut diameter within cells can result in 
difficulties while printing the samples) would be obtained.

5. Conclusions

A new grading tool for the improvement of mechanical properties of 
lattice structure has been developed: an analysis of the initial stress state 

Fig. 14. SEA and VEA for bcc (left) and bccz (right) histograms, respectively for the initial configuration (blue), the graded via process 2 configuration with SEA and 
VEA evaluated via Matlab (green) and the graded via process 2 configuration with SEA and VEA evaluated via FEM (yellow).

Fig. 15. As built samples still attached to the printing plate.
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of the structure is performed and energetic parameters are estimated. 
Based on the stress configuration obtained, the structure is locally 
reinforced through grading and therefore its mechanical properties, 
especially energetic ones, are improved. The process also offers a reli
able predictability of improved properties and efficiency. The following 
points should be highlighted: 

• The main aim of the process is achieved: energetic properties such as 
EA, VEA and SEA are improved for all of the samples processed, and 
results obtained via grading tools have been both verified via FEM 
and validated via experiments.

• The process is able to change the load path and stress distribution 
within the samples, allowing a better exploitation of the whole 
sample; this could lead to the enhancement of whole components or 
parts meant to be produced and eventually customized with lattice 
structures.

• The process used for the grading also allows the following evaluation 
of the energetic properties of the modified samples at a properly 
accurate level and in far less time than FEM data to be generated. The 
Matlab routine developed for the application of the process can be 
efficiently used as a pre-sizing tool for structural design and first 
assessment of the energetic performances.

Besides the achieved results, the process can be improved as well by 
allowing the grading to be applied on single struts rather than whole 
cells. Also, further investigations could be conducted about how this 
process could work when applied to a whole component meant to be 
designed employing lattice structures.
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Average densities and relative deviations for manufactured samples.
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Fig. 16. Averaged stress–strain diagrams for bcc (left) and bccz (right) ungraded and graded samples from experimental compression tests.

Fig. 17. Stress–strain diagrams for bcc (left) and bccz (right) with relevant points: yield, begin of the plateau and densification.
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Fig. 18. Stress–strain diagrams for bcc1 (left) and bccz1 (right) with relevant points: yield, begin of the plateau and densification.

Fig. 19. Stress–strain diagrams for bcc2 (left) and bccz2 (right) with relevant points: yield, begin of the plateau and densification.

Table 8 
Mechanical properties of the samples experimentally tested under compression load; EA, VEA and SEA are evaluated at the same displacement as FEM simulations.

Sample σy [MPa] σpl [MPa] εD E [MPa] EA [mJ] SEA [mJ/g] VEA [mJ/mm3]

bcc 0.8816 0.9918 0.6044 47.4662 1353.0 227.4227 0.0501
bcc1 2.9519 4.4047 0.2838 100.0545 6193.2 410.9877 0.2294
bcc2 1.0750 1.2097 0.5615 54.7060 1665.6 257.9249 0.0617
bccz 2.1218 2.2357 0.6015 173.5501 3755.8 562.7412 0.1391
bccz1 4.2741 4.8169 0.3576 319.5192 7232.7 794.7331 0.2679
bccz2 2.5830 2.7124 0.5555 201.5159 4577.7 646.4311 0.1695
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Appendix 

In this appendix, maps of the maximum stress registered per cell on the horizontal central plane (fig. A1) of each ungraded and graded sample are 
shown in Figs. A2-A7. Although the two processes have a different formulation for the definition of the new diameters, they produce the same stress 
field, therefore those maps are valid for both process 1 and 2. Threshold 3 is used for the generation of these maps. It is clear from the maps how stress 
is homogenized through the whole plane for all of the graded samples: peaks are minimized, and stress discontinuities are limited.

Fig. A1. Representation of the central plane, where stress maps are extracted from

Fig. 20. SEA values extracted from Ansys FEM simulations, Matlab and Experimental tests for all of the samples considered for the experimental validation.

Fig. 21. VEA values extracted from Ansys FEM simulations, Matlab and Experimental tests for all of the samples considered for the experimental validation.
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Fig. A2. Map of the maximum equivalent stresses registered per cell concerning ungraded (left) and graded (right) bcc samples.

Fig. A3. Map of the maximum equivalent stresses registered per cell concerning ungraded (left) and graded (right) bccz samples.

Fig. A4. Map of the maximum equivalent stresses registered per cell concerning ungraded (left) and graded (right) fcc samples.
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Fig. A5. Map of the maximum equivalent stresses registered per cell concerning ungraded (left) and graded (right) fccz samples.

Fig. A6. Map of the maximum equivalent stresses registered per cell concerning ungraded (left) and graded (right) fbcc samples.

Fig. A7. Map of the maximum equivalent stresses registered per cell concerning ungraded (left) and graded (right) fbccz samples.

Data availability

Data will be made available on request.
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