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Abstract: Lattice structures are lightweight engineering components suitable for a great variety of
applications, including those in which the structural integrity under vibration fatigue is of paramount
importance. In this work, we experimentally and numerically investigate the dynamic response of
two distinct lattice configurations, in terms of fatigue damage and life. Specifically, Face-Centered-
Cubic (FCC) and Diamond lattice-based structures are numerically studied and experimentally tested
under resonant conditions and random vibrations, until their failure. To this end, Finite Element
(FE) models are employed to match the dynamic behavior of the system in the neighborhood of the
first natural frequency. The FE models are employed to estimate the structural integrity by way of
frequency and tip acceleration drops, which allow for the identification of the failure time and a
corresponding number of cycles to failure. Fatigue life under resonant conditions is well predicted by
the application of conventional multiaxial high cycle fatigue criteria to the local state of stress. The
same approach, combined with the Rainflow algorithm and Miner’s rule, provides good results in
predicting fatigue damage under random vibrations.

Keywords: lattice structures; structural dynamic response; vibration fatigue testing; fatigue
life prediction

1. Introduction

The exploitation of periodic lattice structures has lately biased the way lightweight
components are designed, which is motivated by a number of static and dynamic prop-
erties that are not commonly achievable with conventional materials and configurations,
such as high strength to weight ratio [1], negative Poisson’s ratio [2], improved damping
capabilities [3,4], among others. Relevant examples include lattices characterized by pecu-
liar topologies, see Ref. [5] for a review of the state of the art. Such configurations have
sparked broad interest within several realms of engineering, such as aerospace, maritime
engineering, automotive and biomedical. For instance, Lira et al. [6] employed a lattice
structure to reduce the inertial forces of a fan blade by way of a graded 2D honeycomb
core. Spadoni et al. [7] have functionally designed chiral-based auxetic cells to improve the
response of airfoils in terms of dissipation.

In this context, additive manufacturing (AM) techniques are often used for a large
variety of applications and suit the fabrication of many lattice structures present in the
literature. Indeed, the continuous technological improvement of AM techniques has led
to the fabrication of complex structures impossible to obtain with conventional manu-
facturing processes. Relevant examples include 3D printing techniques. For example,
Colombo et al. [8] observed that the damping of AlSi10Mg manufactured by Selective
Laser Melting (SLM) can be strongly affected by the printing directions. Fiocchi et al. [9,10]
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compared the damping of a lattice and full solid structures made of SLM Ti6Al4V, observ-
ing a two-orders of magnitude increase in the case of lattice structures. Similar results
have been observed in a number of papers [7,11], which further confirms the improved
dynamic performances of lattice structures. Practically, industrial applications require
reliable methods capable of predicting the structural integrity of such components. A
number of static and fatigue criteria have been presented in recent works, see Ref. [12] for
a recent review of the state of the art on this matter.

Several experimental studies have been proposed [13–16] in the attempt to shed light
on the fatigue behavior of a variety of lattice structures. The effect of porosity on the fatigue
strength of cellular materials manufactured by SLM has been investigated in Ref. [17].
Different structures with porosities between 68% and 84% have been manufactured and
dynamically tested under fatigue. It is shown that all fatigue data points collapse on a
single Stress-Life (SN) curve when the applied stress amplitude is normalized with respect
to the yield strength of the structures. However, it is also found that the normalized
endurance limit of all tested porous structures is lower than that of the corresponding solid
material, i.e., 10–20% of the yield strength of the lattice structure against 40% for the bulk
material. This discrepancy has been attributed to the transitions in cell geometry and to
defects induced during the printing process. Even if the cell topology is optimized for
reducing the stress concentration in the transitions [18], the effect of the printing process
on the surface roughness and on a non-uniform thickness of the struts can reduce fatigue
life and strength.

Several studies have been proposed in the attempt to reduce the number of defects
induced by the printing process of L-PBF. The effects of laser power, scanning speed, beam
diameter, and powder variability on metal components have been studied in Refs. [19–23].
Regarding the surface roughness, a significant improvement has been offered in [24]
through Laser polishing (LP). Despite the continuous technological improvement of L-PBF,
the manufacturing of lattice structure still remains quite challenging due to the small
feature size and complex shape. In this regard, Dallago et al. [25] observed that node
geometry and printing directions have a relevant impact on the fatigue behavior of lattice
structures and can be tailored to improve fatigue life. In addition, the dependence from
defects and strut irregularities has been addressed numerically by Boniotti et al. [26] by
way of a finite element model based on the as-manufactured geometry, which has been
reconstructed by CT-scan. Then, a multiaxial high cycle fatigue criterion has been used to
prove that the highest equivalent stress occurs in correspondence of the strut nodes and on
the largest strut irregularities.

Better fatigue performance has been observed for triply periodic minimal surface
(TPMS) structures, where the absence of struts and nodes significantly reduces the stress
concentrations, and a continuous curvature of their surface provides great benefits in terms
of fatigue strength [27–29]. In other words, there is a large variety of studies about static
and fatigue criteria of lattice structures. However, the dynamic characterization under
resonance and the random fatigue behavior has been elusive from the practical perspective
and still represents an open point.

In this context, the fatigue assessment of porous structures has been so far performed
only experimentally through imposed random accelerations [30]. In detail, Richard et al.
developed an innovative loop heat pipe for a Nasa’s cubesat, with a porous wick fabricated
by AM techniques, able to resist to a given power spectral density (PSD), which is repre-
sentative of the acceleration of the satellite launch phase. In the proposed configuration,
the structural integrity has been verified by way of an experimental campaign. However,
for design purposes, a numerical method to predict fatigue life under random loads is
often preferable, but existing vibration fatigue criteria have not been verified for lattice
structures yet.

Motivated by this lack in the literature, in this work we present and experimentally
validate a method for fatigue life prediction for face-centered-cubic (FCC) and Diamond
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lattice structures, manufactured by Laser Powder Bed Fusion (L-PBF), under resonant
condition and random vibrations.

Two distinct types of experimental tests have been performed to study the fatigue
behavior: (i) an endurance test imposing an excitation frequency corresponds to the first
bending mode, (ii) a random excitation fatigue test to meet excitation levels and spectra
consistent with real applications. Before fatigue tests, the frequency response function of
all specimens, including all the relevant dynamic quantities such as damping and natural
frequencies, has been estimated through sweep frequency tests. A numerical model with
induced localized damage, broken strut, or missing node, is employed to emulate the effect
of a local failure of the lattice elements to the drops in the global dynamic response in
resonance and due to random input. The failure condition is defined as corresponding to
the failure of the most loaded strut in the numerical analysis.

Fatigue test results under resonant conditions, i.e., at constant stress amplitude, have
been analyzed through the procedure presented in Ref. [26]; i.e., by computing an equiva-
lent stress amplitude based on a multiaxial high cycle fatigue criterion. In addition, a map
of the equivalent stress amplitude has been obtained through finite element analyses for
different values of tip displacement and damping ratios. By using the equivalent stress
amplitude value in the SN diagram of the parent material, corresponding to the tip dis-
placement and the damping ratio experimentally measured in the endurance tests, fatigue
life can be predicted with good accuracy.

For the experimental tests under random vibrations, starting from the application of
the Rainflow’s algorithm to the experimentally measured tip displacement, the cumulative
fatigue damage has been computed with the Miner’s rule where, for every cycle, the
damage is calculated considering the corresponding tip displacement, i.e., the equivalent
stress amplitude thorough the stress map, and the SN diagram of the parent material.

The proposed procedure leads to fatigue damage to failure, which is around 1, demon-
strating an accurate matching between the predictive model and experimental results.

2. Data and Experimental Methods

This section includes the geometrical and physical data of the lattice structures em-
ployed in this work and summarizes the experimental setup employed to characterize and
study the fatigue behavior of the lattice structures.

2.1. Material, Cell Topology and Specimen Shape and Dimension

The bulk material used for the printing process of the FCC and Diamond lattices is
the AlSi10Mg, whose mechanical properties are reported in Table 1. Two different periodic
truss structures are selected and printed by L-PBF. For the first one, the periodic structure is
obtained by the combination of 8 Simple Cubic and 1 Face Centered Cubic (FCC) cell. For
the second one, a Diamond cell topology is used. Both configurations are designed with
the unit length and strut diameter of 5 and 0.6 mm, respectively, while the corresponding
relative density (ρ) is 7.3% and 7.0% for FCC and Diamond cell, respectively.

Table 1. Mechanical properties for the bulk material used for specimen fabrication.

Material Elastic Modulus
[MPa]

Shear Modulus
[MPa] Poisson’s Ratio Yield Stress

[MPa]

AlSi10Mg 68,000 26,154 0.3 240

This specimen design is meant to be representative of a sandwich panel used as a
heat dissipator with an upper and lower solid skin of 1.5 mm, see Figure 1. The core is
characterized by two unit cells along the vertical direction, for a total height of the specimen
of 13 mm, while four unit cells are considered along the lateral direction, corresponding
to a total width of 20 mm. Such a configuration is designed to investigate the structural
behavior under bending vibration, and, for this reason, the longitudinal dimension is



Metals 2021, 11, 1395 4 of 17

designed to be dominant. The specimen length with 19 unit cells, for a total length of
95 mm, leads to a lattice gauge section of 4 × 2 × 19. Due to experimental requirements,
the specimens are equipped with a solid part that serves as a rigid connection between
the lattice structure and the shaker. Such a region has a circular geometry with a diameter
of 42 mm with six equally spaced holes for proper clamping on the shaker. A transition
region characterized by a growing lattice section (C-shaped fillet) is designed between
the clamped solid and lattice structure to avoid possible stress concentration and fatigue
damage near the clamped region in the solid-lattice interface. All the specimens were
printed with a SLM280-1.0 printer (SLM-Solutions, Lubeck, Germany) driven with laser
power of 350 W, scanning speed of 1150 mm/s, layer thickness of 50 µm, and hatching
distance of 0.17 mm. The angle between the longitudinal direction of the sample and the
build direction was set equal to 30◦. Such process parameters have been selected as the
result of an optimization procedure for printing lattice structures.
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Figure 1. (a,b) FCC and Diamond specimen modelled with nTopology. (c,d) FCC and Diamond
lattice specimens made by L-PBF.

2.2. Experimental Tests and Setup

Three distinct types of experimental tests have been performed on the lattice specimens
in the attempt to study their fatigue behavior: (i) a linear sweep test is firstly carried out
for the dynamic characterization of the structure; (ii) an endurance and (iii) a random test
have been designed to study the fatigue response.

For all the tests, the lattice sandwich is excited through an imposed vertical accel-
eration, which is feedback-controlled for the entire duration of the experiments. To this
end, an air-cooled S452 series (Unholtz-Dickie Corp., Wallingford, CT, USA) one-axis elec-
trodynamic shaker (as shown in Figure 2a) is employed, which can provide a maximum
acceleration and force of 90 g and 20 KN. The acceleration control is implemented using
a ±50 g PCB accelerometer (with a sensitivity of 104 mV/g) rigidly connected to the shaker
piston and able to measure the vertical component of the acceleration. Two different
accelerometers have been bonded to measure the base and tip accelerations. A triaxial
accelerometer with a measurement range of ±500 g and a sensitivity of 10.41 mV/g is
used to measure the tip acceleration, while two PCB piezoelectric uniaxial accelerometers
with a measurement range ±50 g and a sensitivity of 100.2 mV/g have been bonded on
the base of the specimen. Such a measurement point corresponds to the input location
in the numerical models, as will be discussed more in detail later in the paper. The ac-
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celerometers are connected to a Sensor Signal Control Model 483C Series (PCB Piezotronic
Inc., Depew, NY, USA) which, in turn, is connected to the data acquisition system (DAQ),
consisting of a NI 9239 board, able to save the measured data with a sampling frequency
of 5 kHz.
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ric view of the structure. A set of accelerometers is bonded on the tip, base and shaker piston, while a
pair of masses have been rigidly connected on the tip to tailor the desired dynamic behavior.

Under this configuration, the imposed acceleration can be considered sufficiently accurate
and stable enough to perform the tests, provided that the tightening torque does not affect
the dynamic behavior of the specimen. Finally, a pair of masses are placed at the tip of the
specimen in such a way to preserve a symmetric mass distribution when the accelerometer is
connected to the structure, as shown in Figure 2b. The total added mass is 50 g.

2.2.1. Sweep Frequency Test

The aim of the sweep test is to identify the first natural frequency, damping ratio and
Frequency Response Function (FRF) of the FCC and Diamond lattice specimens. Such
information is necessary to qualify the real stresses induced within the lattice structure
and to validate the numerical model, which is preparatory for the fatigue life estimation.
Practically, the frequency sweep is provided in terms of constant amplitude acceleration
spanning a defined range of frequencies, which are centered in the neighborhood of the
first natural frequency for both the FCC and Diamond configurations. That is, between
375–425 Hz and 325–375 Hz respectively for a time of 200 s. The acceleration levels for
FCC and Diamond lattice specimen are set equal to 0.2 g and 0.11 g respectively, which is
sufficiently low to avoid nonlinear interactions or failures within the lattice. The FRF is
evaluated using the H1 estimator considering the base and tip accelerations as input and
output. For the results hereafter presented, the goodness of the estimation is verified by
way of the coherence function γ, which is observed to be always close to 1. The first natural
frequency ω0 and corresponding damping ratio ξ are estimated through the frequency
response function by way of the Half-Power Method. That is:

ξ =
ω2

2 −ω2
1

4ω2
0

which is considered independent of the amplitude at this stage of the work.
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2.2.2. Endurance Test

The endurance tests have been performed imposing a monochromatic excitation.
This is necessary to define the SN curve for the fatigue life of the lattice prototypes. The
excitation frequency corresponds to the first bending mode of the lattice sandwich. The
state of stress of the prototype is estimated combining the measured acceleration at the tip
and at the clamp and the numerical model. In the case at hand, five FCC and four Diamond
specimens, have been tested in resonance imposing a base acceleration necessary to achieve
tip displacements of 0.31 and 0.2 mm. From the numerical models, the corresponding
stresses are estimated, as will be discussed in the following sections. At failure of some of
the lattice elements, there is a change in the natural frequency of the prototype. After this
point, the lattice structure experiences a softening behavior that is more pronounced for
damaged specimens. For the scope of this work, a linear model and linear identification
of the relevant parameters is considered sufficiently accurate to capture the first-order
variations of the natural frequency, which is a blueprint of the local degradation within the
core of the lattice sandwich.

2.2.3. Random Test

Random excitation fatigue tests are also considered to meet excitation levels and
spectra that are more consistent with real applications, especially in the context of aerospace
and mechanical engineering. To this end, the PSD reported in Table 2 has been employed
to investigate the fatigue life.

Table 2. PSD of imposed acceleration.

Frequency [Hz] Amplitude [g2/Hz]

15 0.04

100 0.04

300 0.17

1000 0.17

2000 0.05

Such a spectrum is scaled to meet two distinct excitation levels (the data in Table 2
are reduced by a factor of 10 and 15, respectively) and are applied for 1 and 2 h in the
same experimental configuration detailed in Section 2.2. It is expected that during the
experimental tests, the specimen experiences a modification of the first natural frequency
which can be captured by a careful post-processing of the acceleration levels.

3. Numerical Models

The numerical models employed in this manuscript are of fundamental importance
to provide an estimate of the stress levels within the lattice structure starting from the
accelerations measured during the experimental tests. To this end, four distinct numerical
models have been developed using the commercial software Abaqus. Specifically, a dis-
crete model and a homogeneous one have been considered for each specimen type. The
discrete model describes the full three-dimensional topology and dynamics of the FCC
and Diamond configurations, while in the homogeneous models the lattice structure is
replaced by a solid with equivalent properties. To simulate the homogenized response of
the lattice structures, single cell models were developed and Periodic Boundary Conditions
(PBC) were implemented coupling the degrees of freedom of different points on opposite
faces of the reference volume element with a proper set of equations [31,32]. A graphical
representation of such models is illustrated in Figure 3.
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Figure 3. (a,b) Discrete model of FCC and Diamond lattice structure. (c) Homogenized lattice model.

To model the interaction between shaker and specimen, the counterbore and the
circular region below the solid are considered to be clamped to ground. A tetrahedral
free mesh with 10 nodes quadratic elements (C3D10) is employed to discretize the spatial
domain. The concentrated masses were modelled with two reference points kinematically
coupled at the tip of the specimen, placed in the center of gravity of the two masses.

The material employed is AlSi10Mg, while the homogenized version of the model
includes the elastic properties listed in Table 3.

Table 3. Homogenized mechanical elastic properties and yield strength of the FCC and Diamond
unit cells.

Cell Type ρ [%] Elastic Modulus
[MPa]

Shear Modulus
[MPa]

Poisson’s
Ratio

Yield Stress
[MPa]

FCC 7.3 1371.4 314.4 0.19 5.74

Diamond 7.0 174.1 178.8 0.46 1.65

The validation of the numerical models has been performed by comparing the experi-
mental (evaluated through a frequency sweep test) and numerical acceleration response
in terms of resonance frequency ω0 and amplitude |A(ω0)|. For each model, a structural
damping ratio of 0.21% and 0.31% has been considered for the FCC and Diamond. These
values represent the mean values of experimental damping ratios measured during the ex-
periments. The FRF of the FE models have been numerically computed imposing a constant
acceleration of 1 g in the frequency range between 350 Hz and 450 Hz for the FCC specimen,
and 300–400 for the diamond configuration. The results are listed in Table 4, along with
the corresponding modeshapes, which are displayed in Figure 4 together with the mean
value and standard deviation of the experimental results measured on 10 and 9 specimens
for the FCC and Diamond cell respectively. The numerical models slightly overestimate
the first natural frequency ω0 with an error of about 3–4% for the homogenized model
increasing to 5–8% for the discrete model. The error in the numerical prediction of the
amplitude |A(ω0)| is 4–5% without a significant effect of the cell topology or the employed
numerical model. These differences can be attributed to the geometrical differences and
the variability in the damping that are introduced during the manufacturing process.

Table 4. First natural frequency and FRF of the numerical models and the results of the sweep tests.

Damping Ratio [%] f0 [Hz] |A(ω0)|

FCC
Numerical (Homogenized) 0.21 410.7 244.5
Numerical (Discrete) 0.21 420.8 243.9
Experimental * 0.21 (0.03) 399.2 (2.7) 256.2 (31.7)

Diamond
Numerical (Homogenized) 0.31 368.7 166.2
Numerical (Discrete) 0.31 383.8 166.0
Experimental * 0.31 (0.08) 353.8 (3.8) 176.0 (25.5)

* Mean and standard deviation (in parentheses).



Metals 2021, 11, 1395 8 of 17

Metals 2021, 11, x FOR PEER REVIEW 8 of 17 
 

 

Diamond 
Numerical (Homogenized) 0.31 368.7 166.2 
Numerical (Discrete) 0.31 383.8 166.0 
Experimental * 0.31 (0.08) 353.8 (3.8) 176.0 (25.5) 

* Mean and standard deviation (in parentheses). 

  
(a) FCC (homogenized model) (b) Diamond (homogenized model) 

  
(c) FCC (discrete model) (d) Diamond (discrete model) 

Figure 4. First shape mode of (a,b) the homogenized models and (c,d) the discrete models. 

It is worth remarking that the homogenized model is less computationally expensive 
and the global dynamic behavior in the neighborhood of the first natural frequency is well 
captured with an acceptable error. On the contrary, the discrete model requires a refined 
mesh due to the peculiar geometry, but it is fundamental for the analysis of the local 
failures and stress concentrations. 

Numerical Analyses for Failure Identification 
A generally accepted method for the failure identification in the context of 

mechanical systems captures the natural frequency changes in response to a variation of 
mechanical properties. It is assumed that the failure of crossing struts is responsible for 
such a change. A graphical example is illustrated in Figure 5 and implemented in the 
numerical model in terms of broken strut, Figure 5a, and missing node, Figure 5b. 

The concept is elucidated in the numerical frequency responses displayed in Figure 5c,d 
for FCC and Diamond specimens, respectively. As expected, a broken strut (red line) leads 
to a small frequency change, while a missing node (blue line) affects the resonance 
frequency in a more evident way, which leads also to a visible reduction also in terms of 
tip acceleration. 

  

Figure 4. First shape mode of (a,b) the homogenized models and (c,d) the discrete models.

It is worth remarking that the homogenized model is less computationally expensive
and the global dynamic behavior in the neighborhood of the first natural frequency is
well captured with an acceptable error. On the contrary, the discrete model requires a
refined mesh due to the peculiar geometry, but it is fundamental for the analysis of the
local failures and stress concentrations.

Numerical Analyses for Failure Identification

A generally accepted method for the failure identification in the context of mechanical
systems captures the natural frequency changes in response to a variation of mechanical
properties. It is assumed that the failure of crossing struts is responsible for such a change.
A graphical example is illustrated in Figure 5 and implemented in the numerical model in
terms of broken strut, Figure 5a, and missing node, Figure 5b.

The concept is elucidated in the numerical frequency responses displayed in Figure 5c,d
for FCC and Diamond specimens, respectively. As expected, a broken strut (red line)
leads to a small frequency change, while a missing node (blue line) affects the resonance
frequency in a more evident way, which leads also to a visible reduction also in terms of
tip acceleration.

The numerical results of as-designed and induced damage for FCC and Diamond
lattice models are reported in Table 5. For the FCC cell, the failure of a strut induces a
reduction of about 0.14% and 17.4% of the natural frequency and tip acceleration. A more
significant damage is given by a node failure when the frequency and tip acceleration
decrease of about 0.5% and 61.9%. For the Diamond cell, a similar trend is visible but
with a smaller drop of the frequency and tip acceleration since the strut connectivity is
much higher.
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Table 5. Reduction of frequency and tip acceleration under resonant conditions through numeri-
cal models.

As-Designed Missing Strut Missing Node

FCC
f0 [Hz] 420.8 420.2 418.7

Tip acceleration [g] 243.7 201.4 92.9

Diamond
f0 [Hz] 420.8 420.2 418.7

Tip acceleration [g] 243.7 201.4 92.9

Based on these numerical results, we set the failure condition corresponding to the
failure of a single strut. For the endurance tests under resonant conditions, this condition
leads to an acceleration drop of about 15% and 1.5% for the FCC and Diamond specimens,
respectively. For the random tests, a frequency reduction of 0.14% and 0.05% is employed.

4. Experimental Results

This section describes the experimental results for the endurance and random tests,
which are carried out assuming the criteria of failure identification defined in the previous
chapter, i.e., acceleration drops and natural frequency variations for endurance and random
test, respectively.

4.1. Endurance Test

A number of lattice specimens have been tested in order to have enough data for the
SN diagrams. That is, five FCC prototypes and four for Diamond specimens. The results for
the FCC and Diamond samples are reported in Tables 6 and 7, in terms of tip displacement,
excitation frequency, failure time, and number of cycles to failure (dependent from failure
time and excitation frequency).
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Table 6. Endurance test results for the FCC specimen.

Specimen No. Tip Displacement
[mm]

Excitation
Frequency [Hz]

Failure Time
[s] Cycle to Failure

7 0.31 398 88.2 35104

8 0.3 400 99.2 39680

9 0.32 392.5 71.4 28024

10 0.2 400.4 598.1 239480

11 0.18 396.3 610.9 242100

Table 7. Endurance tests results for the Diamond specimen.

Specimen No. Tip Displacement
[mm]

Excitation
Frequency [Hz]

Failure Time
[s] Cycle to Failure

1 0.23 352.6 236.1 83249

2 0.25 357.3 421.1 150460

3 0.33 353.9 55.4 19606

4 0.32 349.6 102.2 35729

As mentioned in the previous section, acceleration drops of about 15% and 1.5% are
considered sufficiently high to be representative to a failure condition. A representative
example is shown in Figure 6 in terms of time history for FCC and Diamond specimens
(number 7 and 4).
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As expected, the tip acceleration for FCC specimens, displayed in Figure 6a, suddenly
decreases after 88 s approximately, which is a blueprint of natural frequency decrease. Ac-
cording to the above arguments, a 15% reduction of the tip acceleration is representative of a
variation in natural frequency caused by the failure of the most loaded strut within the lattice.
A similar dynamic response is observed also for the FCC specimen number 8 and 9. In contrast,
a different behavior is noticed for the Diamond, as shown in Figure 6b. That is, the Diamond
specimens exhibit a smoother acceleration drop. For the sample number 4, the failure time is
102.2 s at 349.6 Hz (35,729 cycles), corresponding to a tip displacement of about 0.32 mm.

As expected, Tables 6 and 7 show that the fatigue life increases as the tip displacement
decreases, which corresponds to lower stresses within the lattice and, therefore, a longer
fatigue life. The results discussed within this section will be used later in the paper to
validate the SN diagram representative of the lattice metamaterial, which is necessary to
also estimate the fatigue life under random excitation.

4.2. Random Tests

In contrast with the endurance tests, here, the failure identification is based on a
frequency drop of about 0.14% and 0.05% the nominal value for the FCC and diamond
prototypes, above which the lattice sandwich is considered as damaged. Figure 7a,b and
Figure 8a,b are the spectrograms that show the frequency evolution in time relative to
the FCC specimen number 4 and Diamond specimen number 7. Here, the frequency
response function estimator H1 is computed windowing the time interval with a moving
time window and displayed in the figures with a colored surface. The natural frequency
evolution is tracked and reported with a red line in Figures 7c and 8c. The failure time is
identified as the intersection between the red line and the horizontal dashed blue line, which
corresponds to the threshold value representative of the failure computed numerically.
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Figure 8. Spectrogram relative to the Diamond specimen number 7 tested under random vibration. (a) Axonometric view
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The FCC specimen number 4 fails after 2035 s, after which there is a further natural
frequency decrease until the end of the test. The specimen number 3 and 4 have been tested
through a PSD with reduced amplitude (10 times lower), while specimen number 2 and
5 have been tested with 1/15 of the nominal amplitude, see Table 2. The experimental
results for the number of tested specimens are reported in Tables 8 and 9, in terms of failure
time and frequency drops.

Table 8. Random test results for the FCC lattice specimens.

Specimen
No. PSD Type Test

Duration [h]
Initial Sweep

Freq. [Hz]
Mid-Sweep
Freq. [Hz]

Final Sweep
Freq. [Hz] Initial FRF Time to

Failure [s]

2 /15 2 398.9 398.1 397.5 273.5 2400

3 /10 1 399.9 / 398.5 198.2 2060

4 /10 1 400.8 / 397 259.2 2035

5 /15 2 401.4 401.4 400.5 273.8 4355
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Table 9. Random tests result for the Diamond lattice specimens.

Specimen
No. PSD Type Test

Duration [h]
Initial Sweep

Freq. [Hz]
Mid-Sweep
Freq. [Hz]

Final Sweep
Freq. [Hz] Initial FRF Time to

Failure [s]

6 /10 1 358.9 / 357.8 122.6 1620

7 /10 1 351.9 / 350.2 169.3 855

8 /15 2 353.7 352.9 352.6 172.8 Undamaged

9 /15 2 357.1 356.3 355.9 151.8 2430

5. Fatigue Life Analysis

Now, the fatigue behavior of lattice structures tested under resonant conditions and
random dynamic loads is studied by combining the experimentally computed number of
cycles to failure, along with the numerical stress computed through the FE models.

The discrete models, see Figure 3, are employed to estimate the stresses within the
lattice sandwich. That is, a number of FE analyses are performed to map the stresses as
a function of the tip displacement (relative to the base) and damping ratio. The state of
stress is computed through the numerical procedure presented in Ref. [26], which allows
to evaluate an equivalent stress amplitude based on the application of the Sines criterion
for each surface node i:

σi
a,eq =

σi
VM,a

1− Ii
1,m

Rm

where σi
VM,a and Ii

1,m are the equivalent Von Mises stress amplitude and the first invariant.
The map of the maximum equivalent stress amplitude in the lattice structure, displayed
in Figure 9, has been obtained as interpolation of numerical results obtained for different
values of imposed base acceleration and damping ratios.
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5.1. Fatigue Life Evaluation under Resonant Conditions

The tip displacement and the damping ratio measured during the experimental tests
under resonant conditions are introduced as input in Figure 9, which returns the associated
stress amplitude level. Figure 10 shows the position of such points in the SN diagram of
the bulk material in as-built condition, obtained from previous tests performed on solid
specimens printed in the vertical direction with a loading ratio R = −1 [33].
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Regarding the FCC configuration, four points lie within the 95% scatter band, while
only one point is located outside. In contrast, for the Diamond configuration the data points
are more scattered and, some of them, fall outside the 95% scatter band. This behavior
can be attributed to several factors. Firstly, the time histories of the endurance tests are
characterized by a less regular trend: at the beginning of the test, the acceleration increases
and later decreases, which can be due to nonlinear interactions, see Figure 6. This modifies
the actual starting point (with maximum amplitude) of the analysis. The differences can
be also attributed to the manufacturing process, which introduces high variability in the
printed dimension, especially in correspondence of the crossing points between lattice
struts. In this context, a mismodelling of the fillet radius can be a source of errors in the
stress estimation, and therefore, in the SN data points.

Despite these discrepancies, the SN curve of bulk material, combined with the nu-
merical model can be considered an effective method to predict the fatigue life of lattice
structures through standard fatigue design criteria.

5.2. Damage Evaluation under Random Fatigue Loads

To compute the equivalent stress, a Rainflow-counting algorithm is applied to the
measured acceleration and, therefore, the corresponding displacement [34]. The algorithm
computes a matrix with the alternate displacement as well as the relative occurrence. Such
information is employed to evaluate the equivalent stress amplitude (through the map
in Figure 9) which, when combined with the number of occurrences, are the necessary
data to compute the cumulative damage to the FCC and Diamond lattice specimens using
Miner’s rule and the SN diagram reported in Figure 10. According to [33], the fatigue limit
of bulk material is set equal to 50 MPa. Below this value, the Haibach assumption is used
for damage evaluation. Results are reported in Tables 10 and 11.

Table 10. Cumulative damage computed by Miner’s rule for the FCC specimens.

Specimen No. 2 3 4 5

Time to failure [s] 2400 2060 2035 4355

Damage to failure 0.9 0.94 1.55 1.31
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Table 11. Cumulative damage computed by Miner’s rule for the Diamond specimens.

Specimen No. 6 7 8 9

Time to failure [s] 1620 855 / 2430

Damage to failure 1.37 0.93 / 1.18

Some considerations follow. The use of dynamic models with the Miner’s rule predicts
cumulative damage between 0.9 and 1.55 for the FCC specimens, while for the Diamond
lattice between 0.93 and 1.37. The theoretical failure occurs when the damage reaches 1,
considering the range reported in the table, the evaluation of fatigue damage can be
considered acceptable. These results are also in line with values obtained in [35].

6. Conclusions

In this study, the fatigue behavior of lattice structures under random cyclic loads has
been numerically and experimentally investigated, providing a guideline for the assessment
of lattice structures. The analysis is performed onto two distinct cell topologies, i.e., FCC
and Diamond-based, which have been experimentally studied through different testing
procedures, i.e., sweep, endurance and random tests. The modification in the dynamic
response of the lattice sandwich during the experimental tests have been simulated through
finite element analyses of the structure with induced defects (broken strut or missing
node). Based on these numerical results, failure in vibration fatigue tests is defined as the
acceleration change or frequency drop as induced by the failure of a single strut.

Based on the SN diagram of the bulk material, the fatigue life of FCC and Diamond
specimens under resonant conditions is predicted with good accuracy by defining an
equivalent stress amplitude as a function of the tip displacement and damping. Under
random vibrations, fatigue damage is accomplished by using the SN curve of the bulk
material, the Rainflow’s algorithm and Miner’s rule. The predicted results have been
shown to be consistent with the failure observed during the tests, with damage values in
the range between 0.9–1.55 and 0.93–1.37 for the FCC and Diamond lattice specimens.
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