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Abstract
Background  Metal lattice structures obtained through Selective Laser Melting may increase the strength-to-weight ratio of 
advanced 3D printed parts, as well as their damping properties. Recent experimental results showed that AlSi10Mg and AISI 
316L lattices are characterized by higher Rayleigh damping coefficients with respect to the fully dense material. However, 
some unclear or contradictory results were found, depending on the experimental setup adopted for modal analysis.
Objective  In this work the influence of the experimental setup when performing modal analysis on different SLM AISI 316L 
lattice structures was deeply investigated. The study provides a critical comparison of various experimental modal analysis 
approaches, allowing to evaluate the influence of external damping sources and material internal damping phenomena.
Methods  The dynamic behaviour of SLM AISI 316L specimens incorporating lattice structures was estimated by means of 
pulse testing and sinusoidal excitation through an electromagnetic shaker. The validity of the viscous damping model was 
assessed by means of sinusoidal excitation with different levels of vibration velocity. Moreover, the influence of experimental 
setup on modal analysis results was critically evaluated, by considering different actuators, contact and non-contact sensors 
and boundary/clamping conditions.
Results  The classical viscous damping model describes with good approximation the damping properties of SLM lattice 
structures. When exciting single specimens in free-free conditions, those embedding lattice structure and unmelted metal 
powder filler were characterized by superior internal damping properties with respect to the specimens incorporating the 
lattice structure without any filler, which was however more effective than the full density equivalent material. Most of the 
other experimental setups introduced additional external damping sources, that could alter this important outcome.
Conclusions  SLM lattice structures embedded into 3D printed components provide superior damping properties against 
mechanical and acoustic vibrations and the metal powder filler does significantly enhance such damping capacity. A correct 
estimation of material internal damping was achieved by applying non-contact sensors and free-free boundary conditions, 
whereas other experimental setups were partly inadequate.
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Introduction

Modern additive manufacturing (AM) allows to overcome 
many of the typical disadvantages of traditional subtractive 
techniques. 3D solid parts are produced by means of layer-
by-layer material addition, allowing to obtain lightweight 
components with good mechanical performances, complex 
geometries, faster engineering and production times and 
easy production delocalization. Cutting-edge industry such 
as aerospace, automotive, defence, medical, and energy 
already take advantage of the benefits of AM for high per-
formance applications [1].
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By exploiting the superior design freedom of AM, it is 
possible to enhance the performances of 3D printed parts 
with respect to similar components obtained by subtractive 
technologies. Several strategies can be applied for this pur-
pose. For instance, topology optimization methods were 
applied in [2, 3], giving rise to complex designs resem-
bling biological structures.

Another strategy involves the use of three-dimensional 
porous structures formed by the ordered repetition of unit 
cells with a given geometry, called lattice structures [4]. 
By adequately selecting the topology and the geometrical 
characteristics of the unit cell, it is possible to improve 
its mechanical, thermal and vibro-acoustic performances. 
Hence, these structures have been successfully applied to 
obtain materials with variable local mechanical proper-
ties [5–7], high strength lightweight components [8, 9], 
improved impact absorption capacity [10, 11], enhanced 
heat exchange capabilities [12, 13], increased damping 
against mechanical vibrations and improved vibro-acoustic 
isolation [14–16].

Contrary to the chaotic cellular structures of metallic 
foams, 3D printed lattices are optimized engineered materi-
als that are fabricated with good accuracy and repeatabil-
ity [17]. Among AM techniques, Selective Laser Melting 
(SLM) can be successfully applied to achieve superior 
thermo-mechanical performances. It is a Powder Bed Fusion 
(PBF) AM technique that allows manufacturing of 3D metal-
lic parts starting from gas-atomized powders, spread layer-
upon-layer, selectively scanned and melted by a laser energy 
source. Lattice structures with good mechanical properties 
and geometric accuracy can be produced by SLM. On the 
contrary, other AM techniques such as Direct Metal Deposi-
tion (DMD) are not suitable for this application [18].

The vast majority of studies investigating lattice struc-
tures focus on mechanical properties assessment by means 
of tensile/compressive [19, 20], impact [21, 22] or fatigue 
testing [23]. Moreover, microstructural characterization by 
means of Scanning Electron Microscopy (SEM) and Micro 
Computed Tomography (µCT) is quite common [24–26].

Conversely, the dynamic behaviour of lattice structures 
has not been extensively studied yet. Andresen et al. [27] 
applied an evolutionary strategic optimization to maximize 
the first eigenfrequency of SLM AlSi10Mg lattices, help-
ing to prevent resonance phenomena. Rosa et al. [28] dem-
onstrated that SLM BCC lattices made of AISI 316L have 
better damping performances with respect to equivalent 
bulk reference specimens. The authors suggested that this 
behaviour could be due to the superimposition of amplitude 
independent and amplitude dependent internal friction phe-
nomena. Moreover, presence of cracks and surface defects 
could give an additional contribution to the overall damping 
capacity of the structure as suggested also by Haghshenas 
and Khonsari [29].

Sortino et al. [30] performed an experimental modal anal-
ysis (EMA) on SLM AlSi10Mg lattices. Specimens made of 
unit cells with FBCCZ topology and different cell and strut 
size were investigated by means of pulse testing, thus prov-
ing their better damping properties with respect to the refer-
ence material. The same authors did considerably extend this 
investigation to AISI 316L SLM lattice structures in [31], by 
also producing and testing specimens having different sizes. 
As a result of this research, a scale-independent Rayleigh 
model describing the observed viscous damping properties 
for each lattice type was successfully validated.

These results inspired an innovative method for pas-
sive vibrations suppression in milling of thin-walled parts 
[32]. In that work, three similar blade-like fixtures were 
3D printed by means of SLM and then compared in terms 
of their dynamic behaviour: a full density blade, a blade 
embedding a given lattice structure and a third configuration 
having the same lattice structure filled with unmelted metal 
powder. The latter was found to be the most effective against 
mechanical vibrations, both during modal analysis and cut-
ting tests. No significant differences were found between the 
first and second configuration, contrary to the expectations 
derived from [32]. A possible explanation of this behaviour 
will be provided in this work.

Recently, Hong et  al. [33] demonstrated that SLM 
AlSi10Mg lattice structures filled with tin-bismuth alloy 
can be engineered in order to maximise their damping 
properties, thus generating a complete bandgap in the low-
frequency range that can be useful for several advanced 
applications. Sun et al. [16] developed a new strategy to pre-
pare an aluminium matrix composite (AMC) with enhanced 
damping properties. The AMC was an AlSi10Mg-NiTi lat-
tice structure interpenetrating phase composite (IPC) pro-
duced exploiting additive manufacturing (AM) and vac-
uum infiltration process. The IPC’s damping capacity and 
compressive strength were almost double compared with 
those of AlSi10Mg reference material. The damping capac-
ity improvement was mainly due to the interface damping 
phenomena with the combined effects of grain boundary 
damping and stacking faults. Li et al. [34] proposed a strat-
egy to achieve broadband low-frequency vibration attenu-
ation in 3D printed composite meta-lattice sandwich struc-
tures. Broadband low-frequency vibration bandgaps were 
conceived exploiting the characteristics of locally resonant 
metamaterials and lightweight lattice sandwich structures. 
Two kinds of meta-lattice sandwich panels were 3D printed 
and the vibration suppression performance and bandgap 
generation mechanisms were investigated. The coupling 
between the designed secondary structures and host panels 
allowed to achieve enhanced vibration suppression proper-
ties. Liu et al. [35] investigated the compressive behaviour 
and vibration-damping properties of 3D printed Ti6Al4V 
porous structures. Transition between elasto-brittle and 
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elasto-plastic behaviour was observed by increasing the 
cell size. Moreover, the compressive performances were 
closely related to the porous structure relative density. The 
energy absorption capability increased linearly with as-
manufactured density. The energy absorption efficiency was 
influenced by both the cell geometry and the cell size. The 
cellular structure with larger cell size had better damping 
properties compared to the smaller sized one. Wang et al. 
[36] studied the effects of ageing and thermal cycling on the 
microstructure and vibration damping of a porous CuAlMn 
shape memory alloy. Ageing temperature influenced both 
material’s microstructure and internal friction peak. Moreo-
ver, thermal cycling affected the porous structure’s damp-
ing behaviour. Damping performance gradually increased at 
ambient temperature, starting to decrease again when more 
than twenty thermal cycles were exceeded.

Estimation of the vibration damping properties of mechani-
cal structures is not an easy task. In addition to the internal 
material damping, many other external dissipative phenomena 
and error sources are present, which may considerably affect 
the estimated global damping, as it was pointed out in [37].

Specifically:

•	 joint damping due to energy dissipation at mechanical 
interfaces between the examined specimen and external 
environment;

•	 air or fluid-structure viscous interaction;
•	 energy dissipation through contact sensors;
•	 special uncontrolled environmental conditions;
•	 improper measurement, inadequate excitation configu-

ration and excessive noise.

Since the observed damping is the sum of all these effects 
acting at the same time, it is very difficult to accurately 
quantify the material internal damping.

The aim of this work is to provide a more accurate and 
reliable estimate of material internal damping for a given 
lattice type with and without metal powder filler in com-
parison to a full density equivalent material. Moreover, 
the influence of the experimental configurations on the 
obtained results will be investigated. In detail, the damp-
ing properties of SLM manufactured lattice structures 
made of AISI 316L austenitic stainless steel were inves-
tigated here, in order to achieve the following objectives: 

1.	 an accurate characterization of the material internal 
damping corresponding to different SLM lattice types 
and macroscopic specimens’ geometries, by minimizing 
the influence of external dissipative phenomena;

2.	 an experimental proof of the adequacy of the viscous 
damping hypothesis;

3.	 an experimental evidence that only when specimens are 
suspended in free-free conditions the internal damping 
can be correctly identified, whereas the other experi-
mental configurations and boundary conditions are 
responsible for undesired disturbances that may alter 
the final results of the modal analysis.

The paper is structured as follows. In the next section the 
different experimental configurations, boundary conditions 
and tested specimens will be presented. Then, the experi-
mental data will be analysed and the main results will be 
discussed. Eventually, conclusions will be drawn in the final 
section.

Specimen Design and Production

According to the results of the previous experimental cam-
paigns [31, 32], SLM lattice structures can be very effective 
for mechanical energy dissipation, especially when unmelted 
powder filler is retained within the lattice porosities. How-
ever, this behaviour was not confirmed by all the experimen-
tal data, likely because of the influence of some external 
additional dissipative phenomena.

Here some beam-like and blade-like specimens were fur-
ther investigated under different boundary conditions and by 
using several experimental setups with the aim of better evi-
dencing the internal damping from all the other dissipative 
mechanisms. By so doing, the superior damping properties 
of SLM lattice structures should clearly emerge.

Specimens Geometry

Beam-like and blade-like specimens' geometries were con-
ceived in order to facilitate the dynamic behaviour assess-
ment of different kinds of lattice structures metamaterials, 
ensuring that the lattice contribution to the overall speci-
men mechanic behaviour was significant. Furthermore, these 
geometries are very similar to a wide variety of mechanical 
components that can benefit from the use of high perfor-
mance metamaterials, allowing the study of their static and 
dynamic mechanical performance. The beam-like shaped 
specimens are representative of structural elements and 
members of mechanical systems, robotic mechanisms and 
tools, while the blade-like shaped ones are representative of 
slender structures such as turbine blades, parts for aerospace 
applications and thin mechanical components in general. 
The beam-like and blade-like geometries were designed by 
means of SolidWorks Simulation and ANSYS Mechanical 
APDL FEA [31, 32] in order to satisfy different objectives 
and constraints:
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•	 specimens should be designed to achieve a reference 
global static stiffness;

•	 the dominant resonances should be located at low-
medium frequencies;

•	 it should be possible to clamp the specimens in different 
configurations, preventing lattice damage and allowing 
external excitation;

•	 specimens should comply with SLM manufacturing con-
straints (e.g. build volume, minimum feature size, over-
hangs, support removal).

The final specimens’ geometry complies with each constraint 
and allows the analysis both in cantilever and free-free con-
figurations. A comparison between different experimental 
setups and constraint conditions was therefore possible, 
allowing to evaluate the effect of lattice global geometry 
and clamping conditions on specimen's dynamics.

Beam-like specimens had a square cross section of 21x21 
mm and an axial length of 130 mm. Each specimen was 
composed by three sections: a full density lower base, a 
central section embedding a given lattice structure and a 
full density upper base. A lattice made of FBCCZ topology 
cubic unit cells with 2 mm cell size and 0.4 mm strut diam-
eter was chosen due to its promising damping behaviour 
combined with adequate manufacturability [31]. Three dif-
ferent kinds of metamaterials were evaluated:

•	 open lattice structure mentioned above (L);
•	 the same lattice structure closed by an external thin shell 

trapping unmelted metal powder (P);
•	 full density section providing the same bending static 

compliance, for comparison (R).

The blade-like specimens had a lower base designed for 
mechanical clamping on machine tool table, a central sec-
tion embedding the same lattice structure of the beam-like 
specimens (with and without metal powder) and an upper 
base where a sacrificial sample could be clamped. All the 
geometrical details of the blade-like specimens can be found 
in [32]. In the current case, the upper base was used for the 
application of the external force. Modal parameters of both 

bending and torsional modes were evaluated here under dif-
ferent configurations, in order to shed light on the partly 
unexpected behaviour observed in previous work.

The specimens' geometrical characteristics and section 
views are shown in Table 1.

Specimens SLM 3D Printing

SLM manufacturing of the specimens required STL 3D 
model preparation, positioning, support design and slicing 
that were fulfilled with Materialise Magics software. The 
SLM 3D printing process was carried out with a Concept 
Laser M2 Cusing, selecting Argon to inertize the working 
chamber. AISI 316L metal powder with the following par-
ticle size distribution (PSD) was used: d10 = 19.8 µm, d50 = 
29.9 µm, d90 = 45.1 µm. The powder chemical composition 
was 17.7% Cr, 12.9% Ni, 2.39% Mo, 1.31% Mn, 0.66% Si, 
0.016% C and balance Fe.

The main process parameters were set as follows: laser 
power 180 W, scan speed 600 mm/s, spot diameter 120 � m 
and layer thickness 25 �m.

Specimens were heat treated by maintaining them at 550 
◦ C for six hours, and then by gradually cooling them in air 
at room temperature. This treatment is a standard procedure 
for partially relieving the thermal stresses and thus reducing 
thermal distortion of 3D printed parts.

The specimens were further machined by using a CNC 
milling machine at the surfaces that were clamped in the 
cantilever configurations, in order to improve the contact 
conditions at the mechanical interfaces/fixtures and to 
reduce any undesired slippage or friction. The final post-
processed specimens are shown in Fig. 1.

It is worth recalling that the considered lattice geometry 
was affected by non-negligible geometrical errors, as pointed 
out by the instrumental optical inspection reported in [31, 
32]. Inclined strut diameters were larger than the nominal 
value due to SLM process related conditions such as the 
staircase effect, poor heat conduction near overhanging sur-
faces and unwanted adhesion of partially melted powders. 
Nevertheless, these systematic geometrical errors are not 

Table 1   Specimens under 
investigation
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important in this work, also thanks to the good geometrical 
repeatability among similar specimens.

Experimental Setups and Testing Conditions

The specimens were tested with different experimental set-
ups, that are illustrated in the following paragraphs. For each 
constraint configuration, the excitation point was chosen on 
the basis of the indications provided by the finite element 
analysis, in order to favour the excitation of the dominant 
mode. From a mechanical point of view, the dominant mode 
is particularly interesting as it contributes significantly to the 
vibration of the structure. Lattice structure deformation is 
mostly due to the dominant mode of vibration. The peculiar 
geometric and mechanical characteristics of the beam-like 
and blade-like specimens made it possible to capture the 
low-medium frequency dynamic behaviour of lattice meta-
materials, under both bending and torsional loading condi-
tions. Moreover, each specimen was analysed under different 
testing conditions allowing for a thorough evaluation of the 
influence of the experimental setup on the lattices’ damping 
properties.

Impulsive Excitation in Cantilever Configuration

Beam-like specimens were clamped in cantilever configura-
tion on a vice (Gerardi 640 Type 2), that was further fixed 
on the rotary table of a Haas VF2-TR CNC milling machine, 
as done in [31].

An impact hammer Dytran 5800B4 was used to provide 
the external impulsive force Finp , while the vibration U was 
measured by a non-contact eddy current probe Micro Espsi-
lon ES1, as illustrated in Fig. 2. Signals were acquired with 
a National Instrument NI9215 module with a sampling rate 
equal to 50 kHz and elaborated within MathWorks MAT-
LAB environment.

The same experiment was repeated for the blade-like 
specimens analysed in [32]. The pulse test (PT) was repeated 
12 times for each specimen. Transients’ length was selected 

in order to assure a good signal to noise ratio. A low-pass 
filter at 10 kHz was applied before sampling.

Afterwards, the final dynamic compliance and coherence 
function were estimated through cross-spectrum and auto-
spectrum relations.

Parametric dynamic models composed of single or mul-
tiple harmonic oscillators were finally estimated by means 
of the Impulse Dynamic Subspace (IDS) method [38], thus 
allowing the identification of natural frequencies and damp-
ing ratios of the dominant vibration modes.

Harmonic Excitation by Using an Electromagnetic 
Shaker

An asymmetric single beam cantilever configuration could 
not be excited by using an electromagnetic shaker. A sym-
metric configuration was needed for this purpose. This was 

Fig. 1   Specimens after stress 
relieving heat treatment and 
milled contact surfaces

Fig. 2   Experimental setup for modal analysis of beam-like specimens 
in cantilever conditions at a vice ( PT

1A
 , top). Experimental setup for 

modal analysis of blade-like specimens in similar conditions ( PT
1B

 , 
bottom)
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possible by considering a double beam configuration com-
prising two aligned specimens clamped together at their 
adjacent extremities. The first natural vibration of such 
double beam configuration was approximately the same of 
the single cantilever beam [39]. Hence, this configuration 
was well suited for comparison with the single cantilever 
specimens.

In detail, two replicates of each specimen were clamped 
by means of a special fixture. Preliminary tests showed that 
the clamping force greatly influenced the damping losses. 
Thus, the clamping device screws were tightened up to 9 
Nm with a torque wrench.

The central clamping device of the double beam configu-
ration was further screwed to a Bruel & Kjaer 4809 electro-
dynamic shaker.

Two Kistler 8704B accelerometers (sensitivity 100 mV/g) 
were attached to the beam free tips to monitor their vibra-
tions. A Kistler 8763B accelerometer (sensitivity 50 mV/g) 
was screwed on the clamping device in order to monitor its 
vibration.

A frequency sweep/chirp excitation was applied by the 
shaker by varying the main frequency in the surroundings 
of the first resonance peak and by also controlling - at any 
frequency - the amplitude of the relative vibration velocity 
between the free tips and the central node of the system. Fig-
ure 3 shows the S1 setup and a schematic view highlighting 
sensors’ positioning.

The sinusoidal chirp was generated by a National Instru-
ments NI9263 module, that was amplified by a Bruel & 
Kjaer 2718 power amplifier and eventually fed to the elec-
trodynamic shaker. Specimens dynamic compliance was 
calculated as the ratio of the tip-base relative displacement 
and the inertial force applied on tip due to the resulting tip 
acceleration, i.e.

where U
1
(j�) and U

2
(j�) are the tip and centre displacements, 

while F(1,in)(j�) is the inertial force due to the modal mass m
1
 

vibration. Displacements were calculated by integrating the 

(1)W(j�) =
U

1
(j�) − U

2
(j�)

F
1,in(j�)

=

A
1
(j�)

(j�)2
−

A
2
(j�)

(j�)2

−m
1
A
2
(j�)

accelerometers’ signals in the frequency domain as done in 
the right hand side of equation (1), where A

1
(j�) and A

2
(j�) 

are the tip and centre accelerations, respectively.
The natural frequency and the damping ratio of the domi-

nant mode were estimated by fitting the observed resonance 
peak with a single mass-spring-damper model by means of 
least-squares estimation in the frequency domain.

Two different levels of vibration velocity were tested to 
evaluate its influence on the damping ratio. Table 2 summa-
rizes the adopted Design of Experiments (DoE).

Measurements were replicated four times, by mounting 
and dismounting the specimens from the clamping device 
and by controlling the clamping force through the torque 
wrench. The accelerometers calibration coefficients were 
slightly corrected to respect the rigid body motion hypoth-
esis at low frequencies.

Afterwards, a non-contact Micro-Epsilon LD 1605-2 
laser triangulation displacement sensor was used in order 
to eliminate the undesired energy dissipation caused by 
accelerometers wires. The S

2
 experimental setup is shown 

in Fig. 4.
As done before, sensors calibration was adjusted through 

the rigid body motion assumption at low frequency. Four 
replicates were carried out by mounting and dismounting 
the specimens and carefully tightening the screws with the 
torque wrench. Specimens were excited with a sinusoidal 
chirp, repeating the measurements at 0.004 m/s and 0.008 
m/s tip velocities to investigate the effect on damping losses.

Fig. 3   Experimental setup S
1
 

for harmonic excitation through 
an electromagnetic shaker and 
piezoelectric accelerometers 
for measuring all the inspected 
nodes

Table 2   Vibration velocity DoE factors and levels

Factor Levels Values

Specimen type 3 Full density cross section 
(R), Lattice (L),

lattice with powder (P)
Vibration velocity [m/s] 2 0.004, 0.008
Replicates
(by disassembling and
re-assembling the specimens)

4 -

Experimental setup 2 Accelerometers,
accel. & las. disp. sensor
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Dynamic compliance of each pair of specimens was cal-
culated by using equation (1), where U

1
 was already avail-

able from the displacement sensor. Again, the dominant 
natural frequency and the damping ratio were estimated by 
means of curve fitting as before.

Impulsive Excitation in Free‑free Suspended 
Conditions

To further minimize the influence of the external damp- 
ing sources, pulse tests were performed in free-free con- 
figuration. The beam-like specimens were suspended by 
using nylon threads positioned at nodes of the dominant 
mode shape to reduce external damping losses. The impul-
sive force was applied by the instrumented hammer at the 
antinode of the dominant vibration mode. The sound pres-
sure field owing to the interaction between the vibrating 
specimen and air was measured by means of a PCB 377B02 
free-field, prepolarized condenser microphone (sensitivity 
50 mV/Pa) connected to a PCB 482C15 ICP signal condi-
tioner. The measurements were performed inside an ane-
choic chamber to minimize the environmental noise.

Experiments were repeated with the double beam sym-
metrical configuration that was also analysed by the elec-
tromagnetic shaker.

Moreover, tests were performed with the blade-like speci-
mens as well, in order to better understand the effects of 
lattice structure on both bending and torsional vibration 
modes. Modal parameters were extracted by using the IDS 
algorithm [38], as done for the pulse tests on the vice in can-
tilever configuration. PT2A, PT2B and PT2C configurations 
are shown in Fig. 5.

Results and Discussion

Quite often the effect of external damping sources on 
damping properties of materials or complex structures is 
neglected. Therefore, results consistency could be under-
mined unless the boundary conditions are similar to those of 

the experimental campaign. Awareness about the influence 
of damping losses due to joint energy dissipation, contact 
making measurement devices and improper fixturing or exci-
tation is important to make the best use of the information 
obtained from EMA. The dynamic behaviour of the lattice 
specimens tested in the different experimental conditions 
and the effect of the external damping sources are reported 
in the following paragraphs.

Results Obtained from Beam‑like Specimens

Firstly, the impact of external damping sources was assessed 
from the comparison between the results obtained from 
experimental setups S

1
 and S

2
.

Dynamic compliances of the symmetrical beam-like 
specimens R, L and P clamped on top of the electromagnetic 
shaker and measured by using accelerometers are illustrated 
in Fig. 6(a). In this configuration, the resonance frequencies 
were located in the range 500-600 Hz. The single viscoelas-
tic harmonic oscillator fit well the system response. Under 
these conditions the resonance peaks associated to the lat-
tice specimens were similar and only slightly lower than the 
resonance peak corresponding to the full density specimen. 
No appreciable difference between the damping ratios of 
lattice and reference specimens was noticeable.

When the accelerometers were replaced by a non-contact 
triangulation laser probe (Fig. 6(b)), resonance frequencies 
were all slightly shifted to higher values and all the reso-
nance peaks increased of one order or magnitude. Moreover, 
the damping ratios were two order of magnitude smaller and 
it was possible to observe significant differences between 
the responses of each individual specimen. These varia-
tions among apparently similar experimental setups were 
caused by the relevant load effect introduced by accelerom-
eters’ masses and wires. Sensors’ choice and positioning 
could have a very strong impact on the dynamic behaviour 
of the system under investigation. The damping owing to 
contact measurement devices is at least two orders of mag-
nitude larger than inherent material damping. Therefore, 
accelerometers are not recommended for characterizing the 

Fig. 4   Experimental setup S
2
 for 

harmonic excitation through an 
electromagnetic shaker, single 
central accelerometer and a 
laser triangulation sensor
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Fig. 5   Vibro-acoustic character-
ization of specimens suspended 
in free-free conditions inside 
an anechoic chamber, by using 
the instrumented hammer and 
a free-field microphone. Single 
beam ( PT

2A
 , top), double beam 

( PT
2B

 , middle) and blade-like 
( PT

2C
 , bottom) configurations 

were measured

Fig. 6   Reference (R), lattice (L) 
and lattice + pow. (P) speci-
mens’ dynamic compliances 
obtained with accelerometers 
(a) or with laser displacement 
sensor (b)
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internal damping of relatively small specimens. This result 
is in accordance with other authors who performed similar 
measurements [37, 40]. According to the latter experimental 
setup, the damping ratio of P is smaller than that of L, con-
trary to the findings reported in [32], see Fig. 7(b).

When suspending the double symmetric specimen by 
using wires in the anechoic chamber setup ( PT

2B ), the lattice 
structure (with and without powder filler) showed superior 
damping properties with respect to the full density reference 
specimen.

Nevertheless, there is no significant statistical difference 
among the lattice types according to the boxplot represented 
in Fig. 7(c). The equipment used to couple the specimens 
in the symmetrical configuration caused variable damping 
losses depending on the contact conditions established dur-
ing assembly.

When clamping the single specimens in cantilever condi-
tions at the vice ( PT

1A of Fig. 7(d)), the damping ratios were 
one order of magnitude higher than those characterizing the 
double specimens ( S

2
 and PT

2B ). The main reason was the 
larger mechanical energy dissipation at the specimen-vice 
contact surfaces, where micro sliding, friction and non-linear 
contact phenomena may occur. These local dissipative sources 
prevailed on the lattice internal damping under these circum-
stances. Again, there is no clear statistical difference among 
the two lattice types in PT

1A.
Only when analysing the single specimens suspended in 

free-free conditions in the anechoic chamber (Fig. 7(a)) the 
lattice type with powder filler (P) exhibited a significantly 
superior damping than lattice type without filler (L), which 
was however superior than the reference full density speci-
men (R). Under these conditions, the damping ratio of the 
lattice specimen (L) is five times higher with respect to the 
reference one (R), while the powder filler gives an additional 
advantage further tripling the damping ratio with respect to 
specimen (L).

The influence of the experimental setup on the damp- 
ing properties of the lattice structures can be further ana-
lysed by observing the mean values of damping ratios. As 
previously mentioned, with free-free boundary conditions 
( PT

2A ), the lattice specimens (L and P) have significantly 
superior damping properties compared to the reference 
(R). The influence of external damping sources is negli- 
gible since no dynamic coupling or dissipative phenomena 
due to contact surfaces affected the measurement, allowing 
for a better assessment of the material internal damping. 
Results obtained with configurations S

2
 and PT

2B are slightly 
different with respect to those of PT

2A . In both cases the 
powder filled specimen (P) advantage in terms of damp-
ing was hindered. The contact phenomena occurring at the 
interface between the specimens and the coupling equipment 
influenced the dynamic behaviour of the structure, making 
it more difficult to evaluate the inherent material damping 
contribution. The influence of external damping sources 
is even more relevant in the case of the PT

1A configura-
tion. The dynamic coupling between the specimen and the 
vice significantly affects the response of the lattice. This is 
demonstrated by the fact that on average the damping ratio 
is an order of magnitude larger than that of the other test 
configurations.

In conclusion the raw metal powder filler undoubtedly 
enhances the damping capacity of the lattice structure. How-
ever, it does also increase the weight to mechanical strength 
ratio with respect to the plain lattice structure.

This behaviour was definitely proven in free-free condi-
tions, which were the less perturbed by additional dissipative 
sources.

Different clamping conditions and experimental setups 
introduced undesired dissipative phenomena that strongly 
influenced this result.

It is worth noting that the dominant bending mode of 
the single cantilever beam occurred at about 600 Hz. The 

Fig. 7   Beam-like specimens' 
damping ratio, estimated with 
different experimental setups
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same mode was dominant in all the double symmetrical 
beam configurations. On the other side, the first dominant 
vibration mode of the single beam suspended in free-free 
conditions manifested at 2700 Hz. According to FEA simu-
lations (see Fig. 8) all these vibration modes have similar 
stress-strain fields in the lattice region, thus their damping 
capacity should be similar unless it is frequency dependent.

To further assess the adequacy of the viscous damping 
model, a chirp input signal was applied through the shaker 
by modulating its frequency and amplitude in real time in 
order to keep a constant (relative) vibration velocity.

According to the analysis of variance (ANOVA) reported 
in Table 3, the specimen type was statistically significant 
whereas the vibration velocity was only slightly significant 
(significance between 5% and 10%). Hence, damping is pos-
sibly slightly higher at higher vibration velocities, as shown 
by the boxplots of Fig. 9. However, this should be further 
assessed by testing higher vibration velocities, that could not 

be reached with the current setup. Despite the possible weak 
correlation between damping and vibration velocity, it can 
be concluded that the viscous damping model is adequate to 
describe lattice behaviour with good approximation.

The inner damping capacity of a material is due to dif-
ferent damping mechanisms, which may depend on the 
reached strain amplitude [28]. For low strain amplitudes the 
amplitude independent internal friction is the main damping 
mechanism and energy is dissipated due to thermo-elastic 
currents and defects such as cracks, partially molten parti-
cles and spatters. Beyond a certain strain amplitude thresh-
old, the amplitude dependent internal friction mechanisms 
(ADIF) become dominant. They become more effective with 
respect to amplitude independent mechanisms since energy 
dissipation is due to motion of dislocations and micro-plastic 
deformations.

When chirp pulsation is set to � , the strain amplitude � is 
implicitly given by:

where vrel is the relative vibration velocity between the spec-
imen tip and the central clamping device, which is assumed 
constant during a single chirp test. Thus, the variation of 
vibration velocity amplitude vrel allows to test different levels 
of strain amplitude � , for a fixed pulsation � . Since the cor-
relation between vibration velocity and damping was weak, 
it is reasonable to assume that the critical strain amplitude 

(2)𝜀 =
𝜀̇

𝜔
∝

vrel

𝜔
≅

const.

𝜔

Fig. 8   Dominant mode shape 
contour plot of S1, S2, PT2B (a), 
PT1A (b) and PT2A (c) configu-
rations

Fig. 9   Effect of vibration veloc-
ity variation on damping losses

Table 3   Analysis of variance on damping ratio values derived from 
specimens R, L and P tested in configuration S

2

Factor Sum Sq. DoF Mean Sq. F p-value

Specimen type 4.83e-7 2 2.42e-7 74.62 0
Vib. velocity 1.06e-8 1 1.06e-8 3.29 0.0791
Error 1.04e-7 32 3.24e-9
Total 5.97e-7 35
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threshold �cr was not exceeded and the damping mechanisms 
were mostly amplitude independent. It is also reasonable to 
expect that under more severe operative conditions where 
𝜀 > 𝜀cr , lattice structures could exhibit even better damping 
properties than those measured for small strain amplitudes.

Results Obtained from Blade‑like Specimens

In the case of beam-like specimens, only the first domi-
nant bending mode could be observed under the considered 
experimental conditions.

On the contrary, blade-like specimens exhibited a richer 
dynamic behaviour characterized by many weakly damped 
bending and torsional modes in the range 100-5000 Hz. 
Thus, a thorough investigation of the associated damping 
ratios was carried out, in order to further explore the influ-
ence of lattice structures on thin-walled components. For 
this purpose, impulsive forces were applied both to the blade 
upper edge centre and corner, thus allowing an appropriate 
excitation of both bending and torsional modes.

The dynamic compliances of the reference blade-like 
specimen (R) measured in PT

1B and PT
2C configurations 

are shown in Fig. 10.
A parametric model interpolating the observed dynamic 

compliances was successfully identified through the IDS 
algorithm [38]. Finite Element Analysis allowed to recog-
nize out-of-plane bending (B) and torsional (T) modes.

Figure 11 shows the damping ratios of the most important 
vibration modes. Some results regarding type P specimen 
are missing because they could not be detected due to a poor 
signal to noise ratio in the high-frequency range. Evaluating 
the experimental setup influence on lattice damping behav-
iour, considerations similar to those made for the beam-like 
specimens may also apply to the blade-like ones.

In PT
1B damping ratios were one order of magnitude 

higher because of the specimen-vice dynamic coupling. In 
such conditions type P was clearly superior than type R when 
considering the first bending and the first torsional vibration 
modes. Nevertheless, type L was not clearly better than R 
under such clamping conditions, as already noticed in [32].

The superior damping performance of P over L and of L 
over R was only revealed in the last PT

2C setup, where free-
free boundary conditions are applied.

Damping ratio variance was greater when considering the 
results obtained from the cantilever configuration, because 
of the specimen-vice interactions, responsible for random 
and systematic damping losses due to contact phenomena. 
On the other side, the free-free conditions minimized the 
influence of external damping sources, thus enhancing 
repeatability.

Fig. 10   Reference blade-like specimen (R) dynamic compliance

Fig. 11   Damping ratios of PT1B 
and PT2C configurations belong-
ing to the vibration modes up 
to 5 kHz
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Measurements repeatability was good since no apprecia-
ble effect on the specimens dynamic behaviour was detected 
when impulsive force application point was shifted between 
centre and corner. The boxplot of Fig. 12 as well as ANOVA 
on damping ratio with impulse position as factor confirm 
this outcome.

In short, the lattice metamaterial is characterized by 
higher internal damping. Moreover, internal damping losses 
are significantly higher when metal powder filler is present.

Conclusions

In this work, the dynamic behaviour of a given AISI 316L 
SLM lattice structure was experimentally investigated, by 
also focusing on a critical evaluation of the influence of 
external damping sources on the modal analysis outcomes.

The dynamic compliances of beam-like and blade-like 
specimens embedding a specific lattice structure with and 
without metal powder filler were measured under different 
clamping conditions and with several experimental setups.

Measurements confirmed the superior damping proper-
ties of lattice structures with respect to the full density ref-
erence material. Moreover, when the lattice structure was 
filled with unmelted metal powder, damping was further 
considerably enhanced.

The classical viscous damping model was confirmed to 
be valid with good approximation, although a weak depend-
ence on vibration velocity was detected. However, amplitude 
independent internal friction mechanisms were dominant 
under the considered conditions.

Modal analysis performed in the anechoic chamber by 
suspending the specimens in free-free boundary condi-
tions and by inspecting them through a microphone is  

the most recommended configuration for a correct and 
accurate estimation of lattice internal damping.

On the contrary, the other setups for modal analysis 
were strongly affected by contact sensors (if any) and by 
the energy dissipation at the contact interfaces with the 
clamping devices.

In short, lattice structures may provide a superior damp-
ing performance and the metal powder filler can act as an 
effective damping booster. However, the contribution of 
the lattice structure to global damping strongly depends on  
the effective clamping conditions. Therefore it is highly 
recommended to experimentally assess the real advantage 
of embedding lattice structures into the mechanical system 
of interest, thoroughly evaluating the effect of unwanted 
external damping sources.

In the future it would be of further interest to explore 
some novel advanced applications of SLM lattice meta-
materials where the observed properties may provide an 
effective advantage.
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