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Industries today face challenges in incorporating metallic additively manufactured lattice structures in
critical components subjected to fatigue loading. This work explores the relationship between fatigue
properties and the printing orientation of Laser-Powered Bed Fusion (LPBF) lattice structures. This rela-
tion is at the base of a cost-effective and time-efficient optimization workflow able to determine the opti-
mal lattice printing orientation for improved fatigue life. Fatigue resistance is tested under uniaxial
conditions on miniaturized specimens that mimic the lattice sub-unit elements: struts and nodes. The
collected data is used as input for the optimization algorithm to determine the specimen orientation that
maximizes fatigue life. The optimized specimens are manufactured, tested under three-point-bending
conditions, and analysed using metrological x-ray computed tomography to verify the improvement.
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Printing orientation
Fatigue testing and verification
Miniaturised specimens
The proposed workflow is able to produce a 24 % increase in specimen fatigue life by simply adjusting the
orientation on the printing plane.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cellular lattice materials display a large range of tuneable mul-
tifunctional properties conferred by their peculiar topology [1].
This consists in filling a 3D space with a regular and periodic pat-
tern of undistorted unit cells, which are composed of slender
straight members usually termed ‘‘struts”, joined together in speci-
fic locations termed ‘‘nodes”. Multifunctional properties like stiff-
ness [2], strength [3], thermal conductivity [4], and permeability
[5], turn out to be controlled by the unit cell properties (like rela-
tive porosity, strut thickness to unit cell size ratio or the strut con-
nectivity dictated by the Maxwell stability criterion [6]) rather
than by the characteristics of the base material composing the lat-
tice. This offers the designer a broad design space, paving the way
for optimised cellular lattice materials [7] that potentially can find
application in a wide range of industrial fields, such as the aero-
space and the biomedical industries [8,9]. Unfortunately, the poor
fatigue properties of cellular lattice materials are a well-known
Achilles’ heel [10], fuelling widespread concern about the struc-
tural integrity of this class of materials under time-varying loads.
As a consequence, industry is still distrusting their extensive use
in critically loaded mechanical components and it is waiting for
solid answers and guidance in this regard. The cause of the lower
fatigue properties is twofold. First, the architecture of cellular
materials itself is an intrinsic factor of structural weakening, since
a full geometry is replaced by a porous arrangement of struts. This
can lead to a reduced load bearing area and to increased stress con-
centrations at the nodes [11]. Second, additive manufacturing (AM)
techniques - such as L-PBF - employed in the cellular lattice fabri-
cation, inevitably introduce manufacturing imperfections, detri-
mentally impacting on the fatigue strength of the entire
component [12,13]. The most significant fatigue-related manufac-
turing defects found in metallic lattices are internal pores and sur-
face irregularities, often referred to as notches [14,15]. These
imperfections are not evenly distributed throughout the lattice
and are strongly influenced by the orientation of the strut relative
to the building plane. [16]. It is widely known that inclined struts
are supported by loose powder with lower thermal conductivity
compared to the bulk material. As a result, inclined struts have a
higher fraction of partially or completely melted powder than ver-
tical struts. This leads to different thermal conditions depending on
the printing orientation, causing the formation of varying internal
defects and diverse irregular surface morphologies [17,18]. In this
scenario, the direct design of a fatigue-improved lattice structure
before the manufacturing stage could be of enormous advantage
for a more robust and faster scale-up of metal AM to the industrial
field.

Structural optimization and topology optimization techniques
are indeed gaining increasing interest in recent years due to the
design freedom given by the AM process. The usage of an optimiza-
tion process in a lattice structure is extensively covered in the lit-
erature [19] and it generally aims to improve the mechanical
properties of the lattice. Authors like Cheng et al. [20], Khanoki
and Pasini [21], Fernandez and Tamijani [22] and Gorguluarslan
et al. [23] focused on a homogenization-based topology optimiza-
tion to achieve lightweight design and synthesize graded lattice
structures. A common feature in their work is the crucial role that
lattice modelling plays in the optimization process. Computational
efficiency is a core requirement in their framework, and it is
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achieved through the use of homogenized models that reduce
the geometric complexity inherent in porous materials.

The importance of the lattice orientation in the design of a com-
ponent is well-known and taken into consideration in several
structural optimization problems [23]. However, the dependence
of the fatigue material properties with respect to the printing
direction is far from being integrated into an optimization
algorithm.

In this work, a systematic structural optimization framework is
proposed to design a fatigue-resistant lattice component. The opti-
mization algorithm is driven by experiments, as it is based on the
results of fatigue tests conducted on miniaturized specimens com-
posed of lattice sub-unit elements. The validity of the algorithm is
demonstrated through the design of a three-point bending lattice
specimen that is enhanced for improved fatigue resistance. The
proposed approach is also general enough to meet the needs of
industrial applications, as it reduces fatigue verification costs and
accommodates the design phase where time to market is a crucial
requirement. To improve computational efficiency, the static anal-
ysis is performed using one-dimensional Finite Element (FE) ele-
ments instead of more demanding solid elements and topological
optimization processes.

The paper is organized as follows. Section 2 provides a general
description of the methodology used in the research and its consti-
tutive steps. The first part describes the experimental fatigue cam-
paign on miniaturized specimens and the subsequent discussion of
a mathematical model that correlates the fatigue life with the
printing direction. The second part explains the optimization pro-
cess and the algorithm used. Section 3 focuses on specimen design
and manufacturing, while Section 4 provides an interpretation of
the results, including the results of X-ray computed tomography
(CT) measurements and the statistical nature of the fatigue phe-
nomenon. The paper concludes in Section 4 with the main results
and limitations, as well as potential future research directions.

2. Materials and methods

2.1. Optimization framework

A structural optimization framework designed to enhance the
fatigue strength of AM components by determining the best print-
ing orientation is proposed. The optimization approach is compre-
hensive in scope and can be applied to a wide range of lattice
components of varying shapes, geometries, and cell unit types.
The main stages of this method are illustrated in Fig. 1, showcasing
a potential application: a portion of a spinal prosthetic implant for
disc replacement featuring an Octet Truss (OT) lattice structure on
one side for better osteointegration and a solid surface on the other
side for accommodating the artificial disc.

2.1.1. Fatigue behaviour of miniaturised sub-unital lattice specimens
In AM components, the printing orientation is a critical factor

that affects the quality of the entire lattice structure and its
mechanical and fatigue properties. The surface defect distribution
and the geometrical integrity of the lattice can be significantly
influenced by the specimen printing direction. This work studies
the impact of building orientation on the mechanical and fatigue
integrity of the lattice, starting from its basic elements, struts,
and nodes. Furthermore, the ability to extensively test miniatur-

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Optimization workflow for lattice components fatigue life improvement. Fatigue properties of the lattice sub-unital elements are measured from uniaxial fatigue tests.
The effect of the printing angle on the fatigue life is accessed. Based on these results, an optimization algorithm improves the fatigue resistance of the lattice component
finding its optimal printing orientation in the printing chamber.
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ized specimens can significantly reduce the cost and improve the
efficiency of the component design and verification processes.

In the first stage of this work, an experimental fatigue campaign
is conducted on miniaturized sub-unit specimens to determine the
correlation between specimen fatigue resistance and their eleva-
tion angle with respect to the printing plane.

Four different micro-specimen inclinations are evaluated, and
uniaxial fatigue data is analysed to establish a relationship
between the inclination angle and the fatigue resistance of the
specimens [24,25]. It should be noted that, to simplify the analysis,
the authors will only focus on the stretched dominated cell topol-
ogy, with the stresses inside the struts fully described by their axial
stresses [26].
2.1.2. Formulation of the optimization problem
The goal of this work is to optimize the orientation of a metallic

additively manufactured lattice component to improve its fatigue
life. To achieve this, the authors first conduct an experimental fati-
gue campaign on miniaturised specimens to correlate the speci-
men fatigue resistance to their elevation angle with respect to
the printing plane. Then, a metric to describe the fatigue life of
the entire lattice component is defined based on the fatigue life
of its most critical strut, since its failure can weaken the structure
and lead to eventual failure of the entire lattice. The optimization
process involves orienting the entire lattice component in the
printing chamber to print the most critically loaded struts in the
optimal orientation that maximizes their fatigue resistance. This
solution does not involve any modification to the lattice design,
just relying on the rotation of the overall component in the print-
ing chamber.
3

To determine the probability of failure within a strut, a safety
factor /i against fatigue is established by considering both the axial
stress within the lattice struts and the fatigue resistance derived
from miniaturized specimen fatigue tests. In lattice structures,
buckling can also be a critical failure mechanism, so the axial stress
is also compared to the Euler buckling resistance. A Finite Element
(FE) linear static analysis is performed to estimate the axial stress
within the lattice. The Octet truss cells can be modelled using 1D
truss elements, where each strut is represented by a truss element
and each node is considered as an ideal hinge [26].

The authors developed a custom FE truss solver in MATLAB
R2020b (MathWorks, USA), able to analyse 2D and 3D structure
modelling the structures as truss elements. An in-depth descrip-
tion of the Finite Element model described above is available in
Appendix A, section A3.

To find the optimal spatial orientation of the entire component
with respect to the printing plane, two coordinates, c and w
describing respectively the rotations around the X and Y axes,
are defined (see Fig. 4B and C) and adopted as algorithm optimiza-
tion variables. The optimization problem can therefore be formu-
lated as follow:

max
c;w

g0ðc;wÞ ¼ max
c;w

min
i

/iðc;wÞ

s:t:

g1ðc;wÞ ¼ /i � /�
c 2 S
w 2 S0

8><
>:

8>>>><
>>>>:

ð2Þ

where the cost function g0 represents the minimum of the safety
factor against fatigue among the specimen struts. This quantity
needs to be maximised acting on the optimization angles. At the
same time some constraints need to be satisfied: the safety factor
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of each strut /i must be greater than a desired value /*, and the
optimization variables must assume values inside a defined set: S
and S’ respectively. The two sets can be different and can accommo-
date manufacturability needs such as support placement or speci-
men orientation to achieve the maximum usage of printing batch.
2.1.3. Optimization algorithm
The solution strategy of the optimization problem relies on a

gradient-based approach and on the formulation of approximated
linear subproblems.

The sensitivity analysis is conducted numerically: starting from
a design variable configuration, a variation h is applied to each
optimization angle and the partial derivative is approximated as
a finite difference. Formally:
@gnðaÞ
@ai

¼ gnðaþ heiÞ � gnðaÞ
h

ð3Þ
where ai is the i-th optimization variable, gn is the cost function or
the constraint function and ei is a vector applying the variation h.

Once the sensitivity analysis is performed and all the men-
tioned data are retrieved, the optimization step can be rewritten
as a Sequential Linear Programming (SLP) problem. As reported
in Eq. (4):
min
a

g0ðakÞ þ rg0ðakÞTða� akÞ

s:t:
g1ðakÞ þ rg1ðakÞTða� akÞ

a 2 S

�lki � ai � ak
i � hk

i

8><
>:

8>>>>><
>>>>>:

ð4Þ

Where ak is the set of the optimization variable at the step k
while rg0 and rg1 are the gradient of the cost function and the
constraint equation. The quantities li

k and hi
k are the lower and

upper limits for the optimization variables at the step k.
The optimization problem in Eq. (4) can be solved using the

Simplex method. This method iteratively computes the optimal
configuration of variables to improve the fatigue performance of
the structure locally. The process is outlined in a step-by-step algo-
rithm, as shown in Fig. 2.

An algorithm stopping criterion has been defined as follows: the
cost function value at step k + 1 is compared with the one at step k.
If the improvement is below a given threshold, set in this case to
0.5 %, the algorithm stops and the optimization variables at step
k + 1 are selected as optimal configuration.
Fig. 2. Gradient-based optimization algorithm for lattice components fatigue life impro
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2.2. Miniaturised strut-junction specimens

2.2.1. Design and manufacturing
Miniaturised strut-junction specimens mimicking the lattice

sub-unit nodes were designed as shown in Fig. 3. In brief, a cylin-
drical dog-bone thin-strut specimen with a node placed in the mid-
dle section of the gauge length was generated, considering a
nominal strut diameter of 670 lm, a fillet radius at the node of
600 lm, and a total gauge length of 4000 lm.

Miniaturised specimens were manufactured by Laser-Powder
Bed Fusion (L-PBF) employing a Ti6Al4V biomedical graded spher-
ical powder (O2 < 0.2 %) with a particle size in the 15–45 lm range.
An EOS M290 printer equipped with a nominal laser power of
400 Wwas used for the fabrication of the strut-junction specimens
according to four different directions, namely with an angle
c = 90�, 45�, 15� and 0� with respect to the job plate. More details
about the fabrication process and post-process treatment can be
found in [27].

2.2.2. Fatigue testing
The four different batches of miniaturised specimens were fati-

gue tested by means of a Bose Electroforce 3200, equipped with a
200 N load cell at full scale and at a 200 Hz nominal working fre-
quency, in a sinusoidal waveform. To measure the fatigue strength
of the strut-junction specimens, load-controlled fully reversed fati-
gue cycle tests at constant amplitude (stress ratio R = �1) were
conducted till the specimen failure or upon a runout threshold
set at 107 cycles. At least 12 specimens per printed batch were fati-
gue tested in order to build the Wӧhler curves of strut junction
specimens according to the four building orientations. Experimen-
tal data underwent a data fitting to plot the 50 % failure probability
curve, along with the 10 %–90 % failure probability scatter bands.
The authors address the reader to [25], for a more in-depth discus-
sion on the curve fitting process.

2.3. Three-point bending specimens

2.3.1. Design and manufacturing
In this work, a three-point bending lattice specimen is designed

to test the proposed method in a real-world component. The spec-
imen is designed to have a complex combination of tensile and
compressive stresses, with a compressive external load, making it
easier to set up experiments. The Octet Truss (OT) cell topology
is chosen, with a cell size of 3 mm and a strut diameter of
0.7 mm, resulting in a lattice porosity of 48 %. The specimen con-
sists of a 4 � 20 � 2 array of OT cells and a bulk part that acts as
reinforcement in the contact area with the testing machine. The
vement. An extended version of the proposed scheme is available in Appendix C.



Fig. 3. Geometrical details of the miniaturised specimens used for the fatigue property assessments.
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specimen dimensions are 12 mm � 60 mm � 6 mm. A visual rep-
resentation of the specimen geometry can be seen in Fig. 4A. A
more detailed description of the reinforcement design can be
found in the Supplementary materials, Appendix A1 and A2.

Additionally, the orientation of a lattice structure with respect
to the printing plane can be described by defining a cartesian ref-
erence frame and two angles, called c and w as shown in Fig. 4B
and C. The reference frame is aligned to the printing plane, report-
ing the vertical axis normal to the job plate.
Fig. 4. Three-point bending specimen designed for the optimization workflow verificati
used in the analysis is depicted; B: Elevation angle c, describes the rotation around the

5

Two different batches of specimens are manufactured by L-PBF
of a Ti6Al4V biomedical graded powder. The process parameters
adopted for the fabrication are the same as those used in the cre-
ation of miniaturized specimens. The ‘‘control” batch and the ‘‘op-
timised” batch only differ in the chosen printing spatial
orientation, defined by the two angles c and w. The control batch
is composed of 12 OT specimens printed with a spatial orientation
suggested by the company to minimise the usage of support struc-
tures. The printing orientation of these control specimens, accord-
on. A: Octet Truss (OT) cell and specimen main characteristics. The reference frame
X axis; C: Elevation angle w, describes the rotation around the Y axis.
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ing to the reference frame available in Fig. 6 is c = 0� and w = 45�.
The second ‘‘optimised” batch is formed by 12 OT specimens and it
is printed following the optimal printing orientation suggested by
the optimization algorithm.

2.3.2. Fatigue testing
The fatigue resistance of the two batches of metallic lattices is

evaluated through three-point-bending tests performed using a
Rumul Mikroton machine equipped with a 1 kN load cell. The tests
are carried out under load control, which is applied with a sinu-
soidal waveform at a nominal frequency of 90 Hz and a load ratio
R = 0.1. The specimens are considered to have failed if the drop in
testing frequency exceeds 2 Hz. The tests are terminated when the
number of cycles surpasses 1 � 107. The fatigue data are fitted
using the homogenized stress amplitude, ra, assessed in the most
stressed spot of the specimen (midline outer fibre). Equation (5)
computes the ra stress considering the specimen as a simply
beam. Mx is the bending moment in the specimen mid-point, Ixx
is the moment of inertia of the cross-section and h the specimen
height.

ra ¼ Mx

Ixx

h
2

ð5Þ
2.4. Micro–CT scan

Two extra specimens, one for each batch are selected to be
scanned and analysed by applying metrological micro-CT tech-
niques [28]. These analyses are conducted before and after the fati-
gue testing to detect the crack locations and the cracks initiations
sites. The specimen loading condition is set to promote the speci-
men failure at 1 � 106 cycles.

The authors propose the following notation: the specimen
taken from the control batch is indicated as specimen ‘‘A”, the
one from the optimised batch is specimen ‘‘B”. The specimens were
Table 1
CT scanning parameters adopted in the experimental study.

Scan parameters

Voltage - kV Current - lA Exposure time - s Frame averaging

190 36 2 1

Fig. 5. Miniaturised specimens fatigue properties. A: Wӧhler curves for miniaturised sp
Nf = 107 vs printing angle. Experimental data are fitted, and the obtained curve is corre
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scanned by means of a metrological CT system (Nikon Metrology
MCT225), using an optimised single set of scanning parameters,
listed in Table 1. The 3D reconstructions are performed using the
filtered backprojection algorithm implemented in the software
CTPro 3D (Nikon Metrology, UK). The surface determination and
the dimensional measurements are conducted using the analysis
and visualisation software VGStudio MAX 3.2 (Volume Graphics
GmbH, Germany).
3. Results and discussion

3.1. Fatigue behaviour of miniaturised specimens

The plot in Fig. 5A presents the semi-logarithmic representation
of the S-N fatigue curves for four different building orientations.
The stress amplitude (ra) was determined by considering the lin-
ear section of the gauge length and the nominal cross-sectional
area of the strut-junction specimens. The results highlight the
impact of the building orientation on the fatigue strength of the
strut-junction. The vertically printed specimens (at 90�) showed
the lowest fatigue life with 107 cycles and a stress amplitude of
41.2 MPa at the 50 % failure probability. Conversely, as the building
orientation decreased, the fatigue life increased, with the highest
value of 66.4 MPa reported for the 15� orientation. A summary of
these findings can be found in Table 2.

A correlation model, aimed to directly relate the fatigue proper-
ties with the strut elevation angle, has been built by a third-grade
polynomial fitting of the experimental points (see Table 2). The
resulting function is plotted in Fig. 5B and can be utilized to deter-
mine the fatigue life of each strut within the lattice structure over a
range of 0� to 90�. Due to the three-point-bending loading config-
uration, the struts in the analysed specimens are subjected to
compression-compression (R = 10) or tension–tension (R = 0.1)
loading conditions. The stress ratio R = 0.1 is the most critical fati-
Voxel size - lm Nr. Projections Cu physical filter - mm

13 3000 0.25

ecimens printed at different elevation angles; B: Experimental fatigue resistance at
cted for the load factor using the SWT coefficient.



Table 2
Fitting coefficients for the fatigue curves of miniaturised specimens.

Elevation angle - deg C1 C2 C3 ra, 50 % at 107 cycles - MPa Scatter - MPa

0 60.94 2304.95 0.42 63.6 4.9
15 65.53 29575.57 0.65 66.4 4.1
45 �688.93 818.44 0.0057 57.7 3.1
90 36.83 6209.74 0.45 41.2 4.0

Fig. 6. Most critical struts in the three-point-bending specimen are detected using the 5 % quantile for initial (6a) and optimal (6b) configurations. A detailed analysis of the
safety factors in the upper and lower regions are presented.

R. De Biasi, S. Murchio, E. Sbettega et al. Materials & Design 230 (2023) 111975

7



R. De Biasi, S. Murchio, E. Sbettega et al. Materials & Design 230 (2023) 111975
gue regime, due to the crack-opening effect of tensile loads. As a
matter of fact, in this regime, a higher predominancy of crack
nucleation and propagation from surface defects is generally
detected [29]. To match this condition, the curve expressing the
fatigue strength for miniaturized specimens at R = �1 is then con-
verted into an equivalent curve expressing the fatigue at R = 0.1.
For this purpose, the well-known Smith-Watson-Topper (SWT)
approach [30] was adopted since it had been proved to express
with a good accuracy the mean stress sensitivity of the fatigue
behaviour of L-PBF Ti-6Al-4 V [31]. Specifically, the stress ampli-
tude ra;0:1 at R = 0.1 leading to the same number of cycles to failure
as ra;�1 corresponding to fully-reversed fatigue tests is expressed
by:

ra;0:1 ¼ ra;�1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 0:1

2

r
ð6Þ

The expected dependency of ra;0:1 at 1 � 107 cycles vs. the
building angle is shown in Fig. 5B (yellow curve). The 10 %–90 %
scatter band is inferred by scaling the standard deviation of the
R = �1 curve by the same SWT factor.

3.2. Optimization process results

To fully formulate the optimization problem for the case of the
three-point bending specimen, a minimum safety factor against
fatigue has been set equal to /* = 1.1, and the domains of the
design variables c and w, respectively equal to S = [0�;90�] and
S’ = [0�;90�]. The initial condition for the optimization process is,
c = 0� and w = 45�, based on the printing experience gained by
the partner company to reduce the number of printing supports.

The FE simulations in all cases showed that the most critical lat-
tice struts are subjected to tensile loading, making the struts more
prone to fatigue failure rather than buckling. Fatigue is a localized
and statistical phenomenon, and not only the strut load but also
local geometric variations such as manufacturing imperfections
play a role in the crack nucleation process. To identify the most
likely crack nucleation sites, a set of struts with the lowest fatigue
safety factor was selected based on truss-based FE simulations. The
5 % most critical struts were then investigated, as shown in Fig. 6.
Fig. 7. Wӧhler curves for three-point-bending specimens, where ra represent the h
Experimental data are followed by the expected ones computed using FE simulations
technology.
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The analysis revealed two main potential critical failure areas: an
upper and a lower region, represented by the light blue and red
boxes in Fig. 6. The FE simulation initially identified a strut located
in the upper part of the specimen near the junction with the cen-
tral reinforcement as the most critical. This strut is oriented at 90�
to the job plate, which is the less convenient printing direction as
indicated by the function in Fig. 5B.

At the end of the optimization process, the specimen orienta-
tion able to maximise the fatigue life is found to be at c = 70�
and w = 90�. This configuration, depicted in Fig. 6, is able to
increase the expected fatigue life of the specimen by 60 %. As
proposed for the initial configuration, the 5 % quantile was taken
into account. The two previously identified regions still contain
the most critical struts, so failure is expected to occur in these
locations. Upon analysing the specimen printed in the novel con-
figuration, the most critical strut was found to be the same as
the one identified in the initial configuration. However, its safety
factor against fatigue has increased due to the more favourable
printing orientation. The angle of elevation relative to the print-
ing plane for this strut is 20�, close to the maximum resistance
identified in the micro-specimen experimental trials as shown
in Fig. 5.

In Fig. 7, two curves are displayed. The blue S-N curve repre-
sents the control batch, serving as a reference benchmark, and
the orange curve represents the optimized batch. The optimized
batch demonstrates a higher fatigue life compared to the control
batch. In fact, at 107 cycles, a noticeable improvement in fatigue
performance, equal to +24 %, is observed in the optimized batch.
The main fatigue data are also summarised in Table 3. The reader
can directly access the fatigue data of Fig. 7 in the Supplementary
materials, Appendix B, Table B1.

Two additional experimental data points are depicted in Fig. 7
with dark red arrows, representing Specimen A and B, which were
analysed using micro-CT. The FE estimate of fatigue life is also
shown, but these curves do not match the experimental data,
which show improved fatigue resistance. Despite this discrepancy,
the simulated curves follow the trend of the experimental S-N fati-
gue curves, and both indicate an improvement in fatigue life for the
optimized batch.
omogenised maximum bending stress amplitude as computed in Equation (5).
. The dark red arrows mark the specimens A and B analysed with the micro-CT



Table 3
Fitting coefficients for the three-point-bending fatigue tests.

Elevation angle - deg C1 C2 C3 ra,50% at 107 cycles - MPa Scatter - MPa

Control 0.0552 4.7308 0.2869 21.2 1.0
Optimised 0.0918 10.5217 0.3552 26.3 1.0
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While a precise fatigue life estimation is challenging to achieve
with a simplified model, the improvement in performance of the
optimized batch is a noteworthy result that demonstrates the effi-
cacy of the optimizationmethod. However, the outcome is not con-
sistent with expectations, suggesting that an important factor may
be missing in the fatigue life assessment. To further understand the
mismatch, micro-CT scans of the specimens are being considered.

3.3. Micro-CT characterization

The micro-CT 3D reconstructions are analysed to assess the true
geometry of the specimens and identify the failure locations. Both
specimens A and B undergo visual inspection and a detailed metro-
logical analysis of specific points of interest. The micro-CT recon-
structions are compared with the nominal geometry used in the
printing process, and both specimens show a significant difference
between the actual and intended geometry. The struts exhibit
manufacturing-induced defects such as partially melted powder,
surface irregularities, and internal porosity, affecting their geome-
Fig. 8. Micro-CT analysis of the three-point-bending specimens. A: Specimens A and B u
red the OT cells selected for in depth analysis. A detail of a lattice struts shows the manu
lower region of the specimen. A crack nucleated near the node junction clearly originatin
lower region of the specimens.
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try. Some struts also have structural deviations in the form of wavi-
ness, as illustrated in Fig. 8A.

Two volumes, each containing an Octet Truss cell, are selected
from the specimens to examine the most critical struts as identi-
fied in the analysis of the 5 % quantile in Fig. 6. The first volume
is located in the upper region, while the second is in the lower
region, as depicted in Fig. 8A. The lattice geometry in the selected
volumes is analysed in depth to investigate crack position and
nucleation causes, access internal porosity, and compute struts
cross-sectional areas. The cross-sectional areas are determined by
fitting a cylinder to the surface of each reconstructed strut using
Gaussian fitting. The cylinder fit is also used to determine the strut
elevation angle relative to the printing plane. The measurement
results are presented in the Supplementary materials, Appendix
B, Table B2.

The struts’ cross-section can be divided into different batches
based on the elevation angle relative to the printing plane, as
shown in Fig. 9. Specimens A and B have different batches of
cross-sectional areas, reflecting their different orientation relative
nderwent the micro-CT analysis. A 3D reconstruction of a specimen and in blue and
facturing induced defects; B: Pre- and post-test comparison of a critical strut in the
g from a surface defect and crossing an internal porosity. C: Crack distribution in the



Fig. 9. Metrological analysis of the lattice struts in the highlighted volumes. Cross-sectional areas are divided into different batches based on the elevation angle with respect
to the printing plane.
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to the printing plane. The measurements clearly show that the
cross-sectional area deviates from the intended design, and the
deviation depends on the elevation angle relative to the printing
plane. This factor influences the specimen’s fatigue resistance
and should be considered in the fatigue life estimation.

The geometry of the specimens remained unchanged after the
fatigue tests except for the presence of fatigue-induced cracks on
various struts in both specimens A and B, as illustrated in Fig. 8B.

For both specimens, multiple failed struts are found in the
lower region of the specimen; the cracks always nucleate from a
clearly visible surface defect and most of the time propagate
through at least one internal pore, as visible in the example in
Fig. 8B. The similarities between the two specimens also include
the crack positions. As shown in Fig. 8C, several cracks pass
through the entire specimen from left to right, for both specimens
A and B, engaging different strut layers. These cracks are most of
the time localised near the nodes or cross the struts in the node
proximity. The failed struts undergo tensile loads promoting a fati-
gue failure driven by the surface irregularities and the internal
porosity effect.

The upper region of the specimens was also analysed, and it was
found that the presence of manufacturing-induced defects was
consistent with that in the lower region, demonstrating a consis-
tency in the manufacturing quality. Based on the finite element
analysis, the most critical strut in the structure was located in this
region, but no cracks were found in either of the specimens.

3.4. Verification analysis

The distribution of a strut’s cross-section depends on its eleva-
tion angle, as shown in Fig. 9. To accurately estimate its fatigue life,
a verification finite element (FE) analysis is performed. The FE
10
model, based on truss elements, is updated by calculating the ele-
vation angle of each element in the lattice relative to the printing
plane. The cross-sectional area of each element is then assigned
using the average cross-section found in Fig. 9, corresponding to
the computed elevation angle. The results of this analysis are
shown in Fig. 10, demonstrating that using the measured average
cross-section improves the simulated fatigue resistance. In partic-
ular, the estimation at Nf = 1 � 107 cycles shows a fatigue resis-
tance double with respect to the experimental results. This
phenomenon leads to the important consideration that the real
cross-sectional area of struts is crucial for accurate fatigue life pre-
diction in lattice structures. It is recommended to conduct a post-
analysis based on the actual strut geometry to access these values.
The verification truss model shows improved fatigue resistance
compared to the experimental results, but this is understandable
as this model does not account for the manufacturing imperfec-
tions that negatively impact the real specimen’s fatigue
performance.

Comparing the experimental results and the simulations com-
puted with the average cross-sectional areas, a fatigue stress con-
centration factor Kt = 2 is computed with the following formula:

Kt ¼ rSimulated

rExperimental
ð7Þ

This coefficient links the simulated axial load and the allowable
load in the struts. This value is computed a posteriori and considers
the detrimental effect of the manufacturing induced defects on the
lattice fatigue life estimation. Lastly, a novel evaluation of the
improvement given by the optimised batch is computed. The opti-
mised set is estimated to have a +15 % improvement in the fatigue
life with respect to the simulated control batch. This new value is
coherent with the experimental results.



Fig. 10. Wӧhler curves of the three-point-bending specimens with the a-posteriori
fatigue life estimations based on the micro-CT metrological analysis.
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4. Conclusions

The proposed optimization process is designed to enhance the
fatigue life of lattice structures by utilizing a truss model that is
computationally efficient and has industrial relevance. In order to
verify the efficacy of this process, a series of experiments, micro-
CT scans, and FE analyses were conducted. The results of these
studies showed that the optimization framework was able to sig-
nificantly increase the fatigue life of the specimens, both in simu-
lated and experimental conditions. The simulations indicated an
improvement of 60 %, while the real specimens showed an
improvement of 24 %. This difference can be attributed to the
assumptions made during the modelling process.

The micro-CT scans were used to examine the deviations
between the ideal and real geometries of the specimens. Addition-
ally, an a posteriori FE analysis was performed to consider the
effective strut cross-sections, which improved the estimation of
the fatigue life. Although this work does not provide a formal pre-
diction of the fatigue life of lattice structures based on miniatur-
ized specimens, an approximate result was obtained using the
computationally efficient FE truss model.

The results of the experiments showed that the fatigue estima-
tion based on the computation of axial stress within the struts was
able to distinguish the potential failure mechanisms. The experi-
ments showed that the specimens failed due to fatigue loading
and no buckling phenomena were observed. The micro-CT analysis
revealed that the locations of crack nucleation were primarily near
the nodes and were associated with surface defects and internal
porosity. The failed struts were found to be located in the lower
region of the specimens due to the high concentration of critical
struts in this area.

The statistical analysis, which was based on the detection of the
quantile containing the 5 % most critical struts, was able to identify
the probable failure locations in the specimens. The micro-CT anal-
ysis revealed that manufacturing-induced defects have a signifi-
cant impact on the geometry of the specimens, including surface
irregularities, internal porosity, and waviness in the struts. Addi-
tionally, the manufacturing process also influences the definition
of the strut cross-sectional areas.

The proposed optimization algorithm is general in purpose,
nevertheless, the reader should be aware of the work limitations.
Fatigue life properties can be influenced by lattice topology or its
geometrical dimensions. Factors such as strut diameter, the pres-
ence of fillet radii or variation in porosity can change the relation-
ship between fatigue life and printing direction. Moreover, also the
11
influence of post-processing steps such as, heat or surface treat-
ments should be considered with care. Cost effective experimental
campaign on miniaturized specimens should be therefore per-
formed to retrieve the novel relation.

In the future, the authors plan to further develop a complete
fatigue life estimation based on the data from miniaturized speci-
mens. This will be accomplished by taking into account the statis-
tical nature of the fatigue phenomenon, which will lead to a
statistical optimization framework. The authors also plan to use
micro-specimen metrological assessments to transfer information
about defect characteristics and effective cross-sectional areas to
the lattice struts.
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