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ABSTRACT

In this work, we analyzed a variety of metrics derived from Laser Doppler Vibrometry (LDV) characterization of
3D printed rectangular prisms. The metrics of interest were natural frequencies and amplitudes of first and
second bending vibration modes, equivalent elastic moduli, damping ratios and areas of transmissibility func-
tions. To explore the influence of printing process parameters on the dynamical behavior and, therefore, on the
aforementioned metrics, 48 different combinations were considered, including build orientation, raster angle,
nozzle temperature, print speed and layer height as relevant parameters. Thus, 96 polylactic acid (PLA) rect-
angular prisms were fabricated and LDV characterization was carried out. Based on the equivalent elastic
modulus metrics, it was possible to corroborate the influence of printing process parameters on the mechanical
performance, being raster angle, build orientation and nozzle temperature the most influential parameters.
Likewise, the analysis of damping ratios served to assess the degree of interfilament bonding of 3D printed
rectangular prisms. Thus, rectangular prims that exhibited high damping ratios also showed evident lack of
adhesion between deposited filaments. Low damping ratios and, therefore, superior interfilament bonding was
connected with on edge build orientation, high nozzle temperature (220 °C) and low print speed (60 mm/s) for
specimens fabricated using 0° as raster angle. The analyses of areas of transmissibility functions and amplitudes
of vibration modes also confirmed a better transmission of excitation (i.e., larger areas and higher amplitudes)
for optimally fabricated parts, that is, specimens featuring relatively high equivalent elastic moduli and low
damping ratios. Moreover, the application of Classical Laminate Theory to establish the relationships between
elastic modulus and damping ratio with raster angle confirmed low temperature (200 °C) and high print speed
(120 mmy/s) resulted in low elastic modulus a high damping ratios and, therefore, poor interfilament bonding.
The present findings confirm LDV is a powerful technique in the characterization of additively manufactured
products, being able to discriminate different mechanical behaviors as well as the degree of interfilament
bonding. Despite of their simplicity, the metrics derived from LDV characterization represent an attractive tool
for both research and industrial applications.

1. Introduction

(trademark registered by Stratasys), has attracted a great deal of interest
at industrial, research and domestic levels [2,3,5]. FFF printers build

Additive manufacturing (AM) technologies have experienced a great
development in the last decades [1-5]. In contrast to conventional
subtractive manufacturing technologies, AM technologies produce parts
by the addition of material, which in some cases is melted or cured, in a
layer-by-layer fashion. The main advantages of AM technologies are that
they make possible the fabrication of parts with complex geometries,
require no specific tooling, reduce material waste and diminish fabri-
cation times in the case of short series. Among AM technologies, Fused
Filament Fabrication (FFF), also known as Fused Deposition Modelling
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parts by deposition of filaments of thermoplastic polymers, which are
previously heated near the melting point and extruded through a nozzle
[5]. Moreover, modern FFF printers often include two extruders, making
possible the fabrication of parts using two different thermoplastic ma-
terials [6]. As for materials used for FFF, poly lactic acid (PLA) and
acrylonitrile butadiene styrene (ABS) are the most popular materials
[7-12], even though other thermoplastic materials and composites are
now available, including high-performance polymers, such as
poly-ether-ether-ketone (PEEK) and polyetherimide (PEI) [13-17]. The
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wide variety of thermoplastic filaments available for FFF and the
versatility of this AM technology has raised interest in different research
directions. The design and production of parts with overhanging fea-
tures by using support material or not [18], fabrication of parts with two
different materials (dual extrusion) [6], the static and dynamic me-
chanical performance of 3D printed parts [7-9,19-25], and bioprinting
of human organ surrogates or implantable devices [26,27] are research
fields, among others, that are rapidly developing.

As far as the mechanical performance of 3D printed specimens is
concerned, it must be borne in mind that the mechanical properties of
additively manufactured parts depend not only on the material (i.e.,
thermoplastic filament in FFF), but also on the printing process itself
[12,19,28-30]. In the case of FFF, numerous printing variables can be
custom adjusted to achieve the desired 3D printed part. Typically, build
orientation, bead width, layer thickness, raster angle, air gap, print
speed, bed temperature, infill density and infill pattern are the most
relevant process parameters in FFF. Nevertheless, other process pa-
rameters may also have an impact on the integrity, mechanical perfor-
mance and overall quality of 3D printed products. Thus, every individual
set of printing variables is associated to a distinct mechanical behavior
[19,31]. Despite the inherent complexity of the anisotropic mechanical
behavior of additively manufactured parts, the scientific community has
generated relevant knowledge about the mechanical properties of 3D
printed products [12,28,32-35]. There is general agreement about the
role of build orientation and raster angle, being the fabrication of parts
using layers or filaments perpendicular to the load direction the most
unfavorable from a mechanical point of view [19,20,28,32,33,36,37].
Similarly, higher infill densities and negative or zero air gaps have been
associated with superior mechanical properties [9,20,38-43]. With re-
gard to nozzle temperature, print speed, bed temperature and layer
thickness, no total agreement has been reached, as apparently contra-
dictory results have been reported. Thus, Song and coworkers and Ali-
heidari et al. pointed out that higher nozzle temperatures favored
interfilament bonding and porosity reduction in 3D printed parts [44,
45], whereas Abbott and collaborators concluded that print speed
played a more significant role than extruder temperature, regarding
tensile strength and contact length of ABS specimens [12]. Moreover,
Yin and colleagues found that building stage temperature influenced the
interfacial bonding strength between TPU and ABS in dual extrusion, but
this was not the case for print speed or nozzle temperature [6]. A recent
study by Basgul and colleagues has confirmed the importance of layer
cooling times during FFF, proving that larger nozzle diameters and
one-part printing batches are optimal conditions to achieve superior
mechanical properties in 3D printed PEEK lumbar cages [14]. In addi-
tion, those researchers reported evidence of synergistic effects of low
print speeds and post-printing annealing in the mechanical properties of
3D printed parts [15]. Low print speeds are probably behind a local
heating effect because of the proximity of the extruder head to the part
[12], but the role of this printing parameter in FFF has not been
completely established. In any case, the influence of individual 3D
printing process parameters, as well as their interactions in specific
combinations, may configure the interfacial contact and intermolecular
diffusion between adjacent filaments, allowing (or preventing)
neck-growth and interfilament bonding [46]. In this sense, Liaw and
coworkers have recently studied the interlayer bonding strength of 3D
printed PEEK specimens, concluding that high nozzle temperature, short
wait-time (that is, the time spent between printing of consecutive layers
in the same part) and small layer height were preferable for greater
stress at break, while print speed played a minor role [31]. Very
recently, Basgul and coworkers have applied a heat transfer model to
evaluate the degree of healing of layers while printing PEEK cuboids
with two different commercial FFF machines. Based on their model, they
conclude that the degree of healing can be enhanced increasing nozzle,
bed and chamber temperatures [27]. More research is needed to
completely ascertain the effects of printing process parameters on
interfilament bonding and, therefore, interlayer strength and overall
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quality of 3D printed products.

In the previous context, the evaluation of the mechanical perfor-
mance of 3D printed parts is paramount. Typically, static mechanical
tests (tension, compression or flexural) have served to characterize the
mechanical behavior of 3D printed products [6,7,9,12,20,24,28,38,40,
44,47,48]. In contrast, the characterization of the structural dynamic
behavior of additively manufactured parts is relatively scarce [21,24,25,
39,49]. Laser Doppler Vibrometry (LDV) is a non-contact technique that
permits the characterization of the dynamic behavior of a wide range of
specimens or parts, providing their vibration response, that is, natural
frequencies, damping, as well as real and imaginary parts of the modal
constant [50,51]. The principle behind LDV is the detection of Doppler
frequency shifts when light is scattered by a moving surface, as the
frequency shift is proportional to the surface velocity. This technique is
clearly advantageous for measuring lightweight structures without
having to attach an accelerometer that can locally stiffen or mass load
the structure [52]. LDV has been widely used in engineering applica-
tions, such as structural health monitoring, rotating machinery and
acoustics. Thus, LDV successfully detected damaged regions (i.e. crack
location) in beams and plates [52,53], delamination in composite
structures [54], and the vibration behavior of rotating elements in
different applications [55]. In recent years, LDV has also demonstrated
its usefulness in the biomedical field, helping to characterize the vi-
bration response of artificial and biological bones [56] and tympanic
membranes [57,58]. Although the interest for the characterization of the
vibration behavior of additively manufactured constructs, such as
auxetic gradient honeycombs [59], multimaterial axially graded beams
[60], partially unfused parts with high damping [61], lattice structures
[62] or sandwich plates with 3D auxetic cores [63], is clearly growing,
the use of LDV for dynamic characterization of 3D printed parts remains
to be fully exploited. In our previous work, we demonstrated that LDV
successfully discriminated between the mechanical properties (equiva-
lent elastic modulus) of rectangular prisms produced by FFF using
different printing process parameters combinations [19].

In the present work, we extend the analysis of our LDV character-
ization dataset of 3D printed rectangular prisms to a variety of metrics.
These metrics are natural frequencies and amplitudes of the first and
second bending modes, the corresponding equivalent elastic moduli and
damping ratios, as well as the area of transmissibility frequency-
response functions. Our hypotheses were that these metrics would
serve, on one hand, to discriminate the influences of different printing
process parameters combinations on the mechanical behavior (equiva-
lent elastic moduli) and, on the other hand, to assess interfilament
bonding (mainly via damping ratios) and overall quality of the 3D
printed specimens. For this purpose, a design of experiments (DOE)
approach was adopted, taking into account build orientation, nozzle
temperature, raster angle, layer thickness and print speed as relevant
printing process parameters. Thus, 48 different process parameters
combinations were considered and two PLA rectangular prisms were
fabricated for each individual combination (n = 96). Afterwards, LDV
characterization was carried out to evaluate the structural dynamic
behavior of the 3D printed rectangular prisms based on the aforemen-
tioned metrics. Finally, the classical laminate theory (CLT) was applied
to describe both the stiffness and damping behavior of 3D printed
rectangular prisms. In the following sections, a description of the 3D
printing fabrication conditions, details about the Laser Doppler Vibr-
ometry characterization and information about statistical analysis of the
experimental metrics are provided first. Then, the basis of Classical
Laminate Theory (CLT) is introduced to develop theoretical models of
stiffness and damping capacity versus raster angle for 3D printed spec-
imens. Afterwards, the main results corresponding to 1st and 2nd
bending mode frequencies, equivalent elastic moduli, damping ratios, as
well as areas and amplitudes of transmissibility functions are presented
and discussed, identifying the main effects of the different process pa-
rameters combinations. Then, typical stiffness and damping behavior
models obtained upon CLT application are shown and they are
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connected with specific process parameters combinations. Finally, a
summary of the study is given in the conclusions section.

2. Materials and methods
2.1. 3D printing fabrication

Rectangular prisms (90 x 7 x 2 mm®) were designed using Solid
Works (Dassault Systémes; Paris, France). Then, the slicing software
Cura (Ultimaker BV; Utrecht; The Netherlands) allowed conversion of
STL files into G-code files. Subsequently, rectangular prisms were pro-
duced by FFF using a commercial 3D printer Ultimaker 3 Extended
(Ultimaker BV; Utrecht; The Netherlands). A nozzle of 0.4 mm and 2.85
mm PLA filament spools were employed. To explore the influence of
different process parameters combinations on the vibrational behavior
of rectangular prisms, build orientation, nozzle temperature, layer
height, print speed and raster angle were included in this study as main
printing parameters. Based on a design of experiments (DOE) approach,
two or three levels were taken into account for each of the previous
parameters (see Table 1). Thus, the present study included 48 different
combinations of 3D printing parameters and two rectangular prisms
were fabricated for each combination, giving a total of 96 specimens.
Other printing parameters were not considered as variables and they
were set to default values when needed. For instance, the height and the
printing speed of the initial layer, bed temperature or travel speed,
among others, were set to 0.2 mm, 40 mm/s, 70 °C and 250 mm/s,
respectively. To minimize fabrication time, on flat rectangular prisms
were produced in six-samples batches, whereas on edge specimens were
fabricated in two-sample batches. Evidently, the slicing preview pro-
vided by Cura was different depending on build orientation and raster
angle (Fig. 1). Upon fabrication, rectangular prisms were measured in
three different points to register their average nominal dimensions and
to assess the deviation from theoretical dimensions [19].

2.2. Experimental characterization of vibrational behavior

The characterization of the vibrational behavior of 3D printed rect-
angular prisms was performed based on a cantilever beam configura-
tion. Thus, a rectangular prism was clamped to a 2075 E shaker (The
Modal Shop; Cincinnati, Ohio), leaving 70 mm of free length as canti-
lever beam. Then, the fixed end of the rectangular prism was subjected
to a random broadband excitation, which had a Power Spectral Density
of 0.05 ((m/sZ)Z/Hz), covered a frequency range from 10 to 1000 Hz and
had a Root Mean Square equals to 7.036 ms~2. The control of the input
vibration signal was possible using a T333B30 accelerometer (PCB;
Depew, New York), so that stimulation of out-of-plane bending vibration
modes was achieved. The vibration response at the free end was
measured using a PDV10 single-point laser vibrometer (Polytec; Wald-
bronn, Germany; Fig. 2). The registration and digital processing of the
signals was completed by means of a PULSE™ system (Briiel&Kjaer;
Neaerum, Denmark), which consists of a data acquisition frontend (Type
3560-C) and the PULSE software version 9.2. In addition, it provided the
Transmissibility Frequency Response Function for each rectangular
prism, upon Fast Fourier Transform analysis of the signals with 6400
lines of resolution, an analysis range from 0 to 800 Hz, and averaging a
hundred temporal measurements with an overlap of 66.67%. Finally,

Table 1
3D printing process parameters considered in the present study.

3D Printing parameters

Build Orientation Layer Nozzle Print Raster angle
height Temperature speed ©)
(mm) [§9) (mm/s)
On On 0.1 025 200 220 60 120 0 45 90
flat edge
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amplification factor versus frequency plots were generated for every 3D
printed rectangular prism (Fig. 3a). Amplification factor — frequency
plots provided different metrics, namely maximum amplitude, fre-
quency at maximum amplitude and damping ratio for each vibration
mode, as well as the area under the curve. Damping ratios, which are an
indicator of damping behavior, were calculated based on the half power
bandwidth method [64]. Thus, damping ratios were defined according
to the following formula:

= M_fBh
T % T )

Where f; is the resonance frequency of the corresponding vibration mode
and Af; is the bandwidth, at which the vibration amplitude decreases up
to 3 dB, that is, this amplitude is the maximum amplitude by a factor of
% (Fig. 3b).

The natural frequencies and average nominal dimensions of 3D
printed rectangular prisms allowed computation of equivalent elastic
modulus values for each vibration mode. The differential equation of
motion for a solid, continuous and uniform, cantilever beam subjected to
free lateral vibration may be written as:

Pwy ks dwy
o +p\ ot T 0

(2)

where p; is the mass per unit area and ks is the stiffness per unit area,
which is given by:

_ B

kl‘ = ﬁ 12 (3)
where D7} is the corresponding flexural compliance coefficient, h is the
beam thickness and E the flexural elastic modulus.

Thus, the solution to the previous equation of motion of an un-
damped cantilever beam subjected to free lateral vibration relates the
natural frequency of a particular vibration mode with material param-
eters according to the following formula [65]:

2
fi= o ZL(AT> @)

where f; is the natural frequency of the considered vibration mode, E
denotes the elastic modulus of the material, k; are constants related to
the vibration mode (1.875 and 4.694 for the first and second bending
vibration modes, respectively) and p is the density of the material. A, 1
and J are the cross-sectional area of the beam, free length and the
moment of inertia of the beam cross section, respectively.

Based on equation (4), an elastic modulus metric was computed for
each 3D printed rectangular prism and for each vibration mode using the
next formula:

2

|
() ®

Therefore, every 3D printed, partially solid, rectangular prism had
two different metrics, one from each bending vibration mode, of its
mechanical behavior from an elastic modulus perspective. These elastic
modulus metrics did not represent a material property, but equivalent
elastic moduli that include both the contributions of the deposited fil-
aments and the interfilament bonding material, which have different
elastic moduli.

2.3. Statistical analysis

To confirm significant influences of 3D printing parameters on the
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Fig. 1. Top view of the slicing preview provided by the software Cura (Ultimaker BV; Utrecht; The Netherlands) for rectangular prisms to be built on flat, a), and on

edge, b). Filament deposition direction changes with raster angle.

Fig. 2. Experimental set-up used for Laser Doppler Vibrational characterization
of 3D printed specimens.

metrics extracted from LDV characterization of rectangular prisms, the
present results were analyzed using JMP 13 software (SAS Institute;
Cary, North Carolina). Thus, natural frequency, equivalent elastic

modulus, damping ratio, area of transmissibility function and amplitude
data were grouped by the process parameters of interest. The Shapiro-
Wilk test served to confirm (or reject) the normality of data groups.
Student’s t-tests or Wilcoxon tests were employed to confirm significant
differences between means of normally or non-normally, respectively,
distributed data groups (level of significance p < 0.05). To help inter-
pretation of the influence of 3D printing process parameters on the dy-
namic behavior of rectangular prisms, box plots of equivalent elastic
modulus and damping ratio versus a specific 3D printing process
parameter were prepared.

2.4. Stiffness and damping models derived from Classical Laminate
Theory

The Classical Laminate Theory (CLT) describes the elastic behavior
of laminated composites considering the constitutive equations of the
lamina, the basic unit in the laminated composite [48,66,67]. In the case
of 3D printing, a printed part may be identified as a laminated composite
composed of several stacked layers (the laminae) and, therefore, its
stiffness and damping behavior can be modelled according to CLT. In the
case of an orthotropic lamina the strain-stress relationship written in
material axes (1, longitudinal axis, 2, transversal axis and 3, axis normal
to the lamina) is given by:

€1 511 Slz 0 (o]
|l =S S» 0 ()
=3 0 0 S66 Og (6)

Where the components S;; are the compliance constants related to the
engineering moduli, E;, Et, GLr and vt by:

1l .¢ — _ur.g —1.¢ _ 1
Su=g; S oS =586 =g, )

Another approach is to consider the stress-strain relationship and the
reduced stiffness tensor, which is related to the engineering moduli by:

B b
01 On 01 0 £ 1 —vipvn 1=virvg e
6| =01 00 e|=| B Er 0 e
06 0 0 O] |86 1—vvp 1 —vppvn & ®
0 0 Gir

With
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So far, the axes refer to the lamina, but these axes may not be the
same as the laminated composite axes. For that reason, it is useful to
change from the lamina axes to the part axes, which allows introducing,
Ex, Young’s modulus measured in the x-direction of the laminated
composite as:

S :E%:E%cos“@-&-ﬁsin“e-&-
1 ULT) ) .2 (10)
— —2— Jcos“0-sin”-0;
(GLT E;

With 6 being the angle between the longitudinal axis of the lamina
and the x-direction of the piece. In our experimental scheme, we fabri-
cated rectangular prisms choosing 0°, 45° and 90° raster angles (6), so
that the subsequent LDV characterization provided the longitudinal,
shear and transversal moduli, respectively, for each printing set of a total
of 16 printing groups. Based on equation (10) and the present experi-
mental moduli, we calculated the analytical variation of Ex with raster
angle for the 16 printing groups included in this study. A value of 0.36
was used for PLA’s longitudinal-transversal Poisson ratio to complete
the aforementioned calculations.

As far as damping behavior is concerned, Adams and Bacon consid-
ered that the strain energy stored in a volume element, 5V, of a lami-
nated composited can be separated into three components associated to
the stresses expressed in the lamina axes as [66,68]:

oU = 5U11 + 5U22 +5U66§

(11a)

With
58Uy = 101616V = 161(S101 + S1202)6V; (11b)
8Up, = 302626V = 162(S1201 + $2202)6V; 110

_
o
1
axn(0) = o7 (0101} + 250, + 0150;4) x (Qy)'sin? 6 — 0y
11

a1 (0) (01071 + 01507 + 016077 ) x (O7/'cos* 6+ 07

1
ags(0) = o (01101} + 01201 + 0150,¢) x 20,/ sin @ cos & — Q! (cos
11

5U55 = %66865‘/ = %O%S%EV; (11d)

Thus, the total energy stored in the laminated composite can be
considered as the energy stored in the longitudinal direction, §Uy;, the
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8(AUN) = w,6UL;
3(AUx) = yydUn; a2
3(AUss) = Ws0Uss;

Where v, , ¥y, and ygg are the longitudinal, transverse and in-plane
shear specific damping capacities, respectively. Then, the total energy
dissipated in the element is the sum of the previous terms:

S(AU) = 8(AUY) + 8(AUn) + 5(AUs); 13)

This expression can be extended to the whole laminate to derive the
total energy dissipation:

AU = [6(AU);
U= Jomu a4

and the specific damping capacity of the laminate is then:

sf&

V= (15)
The damping capacity of the laminate considering a specific vibra-
tion mode is related to the loss factor, 5, and the damping ratio, &, ac-
cording to:
= 27y = 4rné;
W = 2m) = 4xg; 16)
As in our 3D printed rectangular prisms filaments were deposited
selecting different raster angles, again, it was convenient to change from
lamina axes to the part axes. This can be achieved considering the
following expression:

w(O) = wan(0) +wynan(0) + Weass(0); a”n

where functions a;(#) vary depending on the analysis. In our case, we
considered these functions as:

sin 6 cos 0) cos 2 0,
sin @ cos 6)sin > 6; (18)

9—sin29)} X sin @ cos 6;

where the elements Qj; are the reduced stiffness constants expressed in
the laminated composite axes. These terms can be obtained using the
transformation matrices for the stress and strain tensors, which are Ty
and T, respectively:

transverse direction, Uy , and in the in-plane shear, 6Uss. Then, the [Qj =[1)] "0 19)
strain energy dissipation in the longitudinal and transverse directions, as
well as in the in-plane shear are written as:
, cos? @ sin2 @ —2cos @sin @ cos? @ sin2 @ cos @ sin 6
[0] = |sin?6 cos? @ 2 cos 6 sin 0 (0] | sin? @ cos? 6 —cos 0 sin 6

cos@sind —cos@sind cos’6—sin’ 0

—2cosfsin@ 2cos@sin@ cos’@—sin’o
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Fig. 3. Two bending vibration modes were studied using Laser Doppler Scanning Vibrometry. Damping ratios were calculated from amplitude vs frequency plots, a),

based on the half power bandwidth method, b).

The previous theoretical framework was applied to describe the
damping behavior of the present 3D printed specimens. Similarly to
elastic modulus, the damping ratio measurements of additively manu-
factured prisms at 0, 45 and 90°, served to obtain an experimental
measure of the longitudinal, y,;, transversal, y,,, and in-plane shear,
Ve, SPecific damping capacities. These values, in turn, allowed deter-
mination of the analytical variation of the damping capacity of 3D
printed prisms with raster angle, y/(6).

3. Results and discussion
3.1. Frequency and equivalent elastic modulus data

The frequency data provided by the present LDV characterization
confirmed the influence of some process parameters on the dynamical
behavior of 3D printed specimens. Thus, prisms fabricated on edge
showed significantly higher frequencies in both, 1st and 2nd, bending
modes than samples produced on flat (see Table 2). Nozzle temperature
also demonstrated to have an impact, as specimens fabricated at 220 °C
reached significantly higher frequencies than those produced at 200 °C
(see Table 2). Finally, the selection of 0° as raster angle resulted in
significantly higher frequencies with respect to samples fabricated at 45°
(Table 2). Neither print speed nor layer height appeared to have a sig-
nificant influence on the frequency behavior of 3D printed rectangular
prisms.

The previous influence of build orientation, nozzle temperature and
raster angle on both bending modes frequencies implied a similar effect
on the corresponding equivalent elastic moduli (i.e., stiffness). In this
case, raster angle was the most influential process parameter on this
metric. Thus, 3D printed specimens built by depositing fused filaments
at 0° reached the highest equivalent elastic moduli, as compared with
specimens produced at 45° and 90° (see Table 2). Nozzle temperature
also influenced the equivalent elastic modulus, as specimens fabricated
at 220 °C had significantly higher moduli than those produced at 200 °C
(Table 2). Build orientation had a significant influence on the 1st
bending mode equivalent elastic modulus, as specimens built on edge
were the stiffest. However, build orientation attained a marginally sig-
nificant effect on the 2nd bending mode equivalent elastic modulus. The
remaining process parameters, layer height and print speed had no
statistically significant influences on the equivalent elastic moduli
(Table 2). Boxplots of 2nd bending mode equivalent elastic modulus
data grouped by the process parameters of interest are shown in
Fig. 4a—c. Finally, it is worth noting that the 1st bending mode and 2nd

bending mode equivalent elastic moduli were linearly correlated (R% =
0.98).

Frequency and equivalent elastic modulus results obtained from both
bending modes corroborate the previously reported influences of 3D
printing process parameters on the dynamical behavior [19]. Raster
angle, nozzle temperature and build orientation were the most relevant
parameters and, when properly selected, they were responsible for a
shift to a higher frequencies, which implies higher equivalent elastic
modulus (i.e. stiffness). The combination of on edge build orientation,
0° as raster angle, 200 °C nozzle temperature, layer height of 0.25 mm
and 60 mm/s as print speed yielded the highest equivalent elastic
modulus value for the 1st bending mode (3995 MPa). Likewise, on edge
build orientation, 0° as raster angle, 220 °C nozzle temperature, layer
height of 0.1 mm and 120 mm/s print speed reached the highest 2nd
mode equivalent elastic modulus (3961 MPa).

The present results underline the importance of alignment of built
layers and deposited filaments to the load direction, as previously re-
ported [9,12,20,24,28,38,39,47,69,70]. Coherently, 3D printed speci-
mens produced with filaments perpendicular to the stress axis
demonstrated the poorest mechanical performance. Our analysis also
confirmed the positive influence of higher nozzle temperatures on the
mechanical behavior, in agreement with Aliheidari and coworkers and
Liaw and collaborators [31,45]. Other studies have reported a minor
influence of this process parameter [12], although this fact might stem
from the temperature levels considered. Thus, the effect of nozzle tem-
perature on the mechanical performance will be insignificant if all the
temperature levels are beyond a threshold temperature. In our study, the
extruder temperature levels were 200 and 220 °C and, since the detec-
tion of significant influences was possible, the threshold temperature
appears to lie between those values.

We were not able to detect statistically significant effects of print
speed and layer thickness on the frequency and elastic modulus be-
haviors. Regarding print speed, Basgul and coworkers reported no sig-
nificant influences of print speeds (1500 and 2500 mm/min) on the
ultimate strength of 3D printed PEEK cages, while other factors such as
nozzle diameter and the number of parts produced per printing batch
had a notable effect on mechanical strength [14]. According to those
researchers, the effects of print speed might manifest when a threshold
level is exceeded, with too high print speeds associated with decreased
ultimate strength and increased porosity [71]. In contrast, Liaw and
coworkers found that the strain at break of 3D printed PEEK specimens
increased with print speed [31]. They pointed out that print speed
mainly influences the intra-layer properties. Thus, higher print speeds
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Table 2

Frequencies and equivalent elastic modulus data of 3D printed rectangular prisms grouped by the process parameters of interest. Average and standard deviation values are shown for every group. P values with asterisks

(*) indicate statistically significant differences between the magnitudes above.

3D Printing parameters

Raster angle (°)

Layer height (mm) Nozzle Temperature (°C) Print speed (mm/s)

Build Orientation

90
(n =32)

45
(n=32)

120
(n = 48)

On edge 0.1 0.25 200 220 60
(n = 48) (n = 48) (n = 48) (n=48) (n=48)

(n = 48)

On flat
(n = 48)

(n = 32)

85+ 23 90 + 19

96 + 15

102 +£18 92 +23 88 + 16 85+ 20 95+ 18 90 + 19 90 + 21

79 +£13

Frequency (Hz)

1st Bending

Mode

P = 0.1729 (90-0)

0.1489 (45-90)

P=

0.0228* (0-45)

P=

0.8922

P=

0.0069*

P=

0.3832

P=

P < 0.0001*

1695 + 684 1802 =+ 475

2856 + 766

2158 £858 2078 £816 1905+ 801 2331+ 819 2150+ 887 2085 + 785

2369 + 889

1866 + 697

Equivalent Elastic Modulus (MPa)

P < 0.0001* (90-0)

0.1997 (45-90)

P=

P < 0.0001* (0-45)

0.7722

P=

0.0078*

P=

0.6417

P=

0.0058*

P=

515 + 126 556 + 111

588 + 110

616 £119 553 +138 554 + 97 523 £ 127 586 + 100 556 + 108 550 + 129

496 + 85

2nd Bending Frequency (Hz)

Mode

P = 0.1880 (90-0)

0.1227 (45-90)

P=

0.0191* (0-45)

P=

0.8330

pP=

0.0066*

pP=

0.9533

P=

P < 0.0001*

1582 + 567 1765 + 449

2662 + 838

2255+ 796 2055+ 802 1958 + 786

1771 £ 717

1988 + 839 2027 + 751

2173 + 864

1856 + 692

Equivalent Elastic Modulus (MPa)

P < 0.0001* (90-0)

0.2679 (45-90)

P=

P < 0.0001* (0-45)

0.4772

P=

0.0015*

P=

0.6337

P=

P =0.0793
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might lead to a uniform layer with fewer voids. As for layer thickness,
Liaw et al. have also found a significant effect of this parameter on
elastic modulus [31]. It is worth mentioning that those authors included
three layer height levels (0.1, 0.2 and 0.3 mm), so that they were capable
of detecting a significant effect on the elastic modulus. In contrast, our
study did not include the higher layer thickness (0.3 mm), for which
smaller contact areas between deposited filaments and worse adhesion
are expected. In general, good detection capabilities are anticipated for
LDV in the case of print speed, layer thickness and wait-time provided
enough levels are taken into account.

3.2. First and second bending modes damping ratios

The analysis of 1st bending mode damping ratio data confirmed
raster angle was the most influential process parameter (see Table 3).
Thus, specimens built selecting 90° as raster angle had significantly
lower damping ratios than those fabricated at 45° and 0°. After raster
angle, print speed had the most significant impact on damping behavior.
Rectangular prisms fabricated at the lowest speed, 60 mm/s, exhibited
significantly lower damping ratios than those produced at 120 mm/s
(Table 3).

To find the underlying causes of the different damping behaviors,
potential dependencies between damping ratio and stiffness were
explored. Overall, 1st mode damping ratios did not correlate with the
corresponding equivalent elastic moduli (see Fig. 5a). However, a
decreasing trend of damping ratio with increasing equivalent elastic
modulus was confirmed for specimens produced selecting 0° as raster
angle (Fig. 5b). This trend suggested that 3D printed rectangular prisms
that were fabricated better from an elastic modulus perspective also
exhibited low damping ratios. This finding motivated the separate
analysis of damping ratios for specimens built using 0° as raster angle. In
the 0° subset, significantly lower damping ratios were attained selecting
on edge orientation (Fig. 6a). Similarly, the highest nozzle temperature,
220 °C, resulted in the lowest damping ratios, whereas 3D printed
specimens produced at 200 °C exhibited significantly higher damping
ratios (Fig. 6b and Table 3). In addition, prisms built at the lowest print
speed, 60 mm/s, had significantly lower damping ratios (Fig. 6¢ and
Table 3). Finally, layer height demonstrated no significant effects on
damping properties (Fig. 6d).

2nd bending mode damping ratios were, in average, generally higher
than 1st mode damping ratios (see Table 3). However, statistical ana-
lyses confirmed no significant differences between them. Similar to 1st
mode damping ratios, the use of raster angle equal to 0° yielded
significantly higher 2nd mode damping ratios (Table 3). Build orienta-
tion also had a significant influence, as rectangular prisms built on edge
had significantly lower damping ratios. The remaining process param-
eters appeared to have no significant influences on the damping
behavior of this mode.

The previous damping ratio metrics were successful in discrimi-
nating the damping capacity of 3D printed specimens. This behavior is
most probably connected with the degree of inter-filament bonding. In
this sense, Rahman pointed out that damping in flax-fibre reinforced
composites is attributed to the viscoelastic nature of matrix and/or
reinforcement materials, the quality of the matrix-reinforcement inter-
face, the presence of cracks, delamination and damaged fibers, friction
due to slip in unbounded regions, the presence of pores and nonlinear
effects at high stresses or strains [72]. In our study, the interface be-
tween filaments was judged the key factor in damping behavior, with
lower damping ratios indicating superior interfilament bonding. Our
damping ratios results suggest that enhanced bonding was achieved
when shorter struts were selected to fill up the part. The worst-case
scenario, printing at 0°, entails much longer struts, which makes more
difficult to attain a homogeneous interface. Coherently, 3D printed
specimens built at 0° showed the highest damping ratios, suggesting that
interfilament bonding was not successfully achieved. Among specimens
built at 0°, positive and significant influences of on edge build
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orientation, high nozzle temperature and low print speed were also
confirmed, as they resulted in lower damping ratios. Moreover, the
different quality of interfilament bonding achieved depending on the
process parameters combination was visible to the naked eye. Thus, 3D
printed rectangular prisms fabricated on flat, at 0°, 200 °C, 120 mm/s
and 0.1 mm exhibited clear lack of adhesion and high damping ratios
(Fig. 7a), whereas specimens built on edge, at 0°, 220 °C, 60 mm/s and
0.1 mm showed superior bonding and low damping ratios (Fig. 7b).

Achieving superior intralayer and interlayer bonding in 3D printed
specimens is a complex goal, as various factors may have more of an
impact. The importance of nozzle, bed and chamber temperatures has
been recently highlighted [27], reporting a high degree of healing when
high enough temperatures were used. Regarding the influence of print
speed on interfilament bonding, Liaw and colleagues have suggested
that higher print speeds might contribute to a better scenario for intra-
layer filament bonding, leading to a more uniform, less porous, layer
[31]. However, too high print speeds have been associated with
decreased mechanical properties and increased porosity [13,14],
whereas the local heating effect due to the proximity between the
extruder head and the part manifests at low print speeds [12]. Another
factor affecting bonding is wait-time, which refers to the time spent
between the deposition of a layer and the deposition of the next one in
the same part. Typically, the higher number of specimens printed per
run, the longer wait-times [31], so that deposited layers may cool down
too much before the next layer is printed, affecting bonding quality. In
our study, we found lower damping ratios at lower print speeds. This
finding suggests that the highest speed included in our experimental
design was too high, yielding a comparatively poorer interfilament
bonding. In contrast, a local heating might take place at the lower print
speed, resulting in superior bonding. Another important point to keep in
mind is the different wait-times that on flat and on edge 3D printed
rectangular prisms had in our study. Thus, wait-times between consec-
utive layers were longer for on flat specimens, since six prisms were built
per run in that case, whereas two prisms were fabricated selecting on
edge orientation. Nevertheless, LDV characterization was sensitive
enough to discriminate specimens produced at each orientation from a
damping behavior perspective. Thus, on edge specimens showed lower
damping ratios, suggesting an enhanced interfilament bonding (see
Figs. 6a and 7b). Finally, layer thickness did not affect damping per-
formance in our study. Nevertheless, its influence cannot be completely
ruled out, as layer height levels not included in this study (>0.3 mm)
might decrease interfilament bonding.

Altogether, damping ratio results suggest that specimens fabricated
with near optimum process parameters combination exhibited lower
damping capacity (Table 4). In this regard, a more efficient transmission
of excitation to rectangular is expected for optimally fabricated parts.
Another point to bear in mind is that the 2nd bending mode is more
demanding from a geometrical point of view. Thus, the 2nd mode de-
mands higher compliance to rectangular prisms than the 1st mode. To
explore the transmission of excitation, the area of transmissibility
functions and the amplitude of vibration modes are analyzed in the
following section.

3.3. Area of transmissibility functions and amplitude of vibration modes

3D printed specimens built on edge showed significantly larger areas
than parts fabricated on flat (Table 5). Likewise, prisms built using 90°
as raster angle had significantly larger areas than specimens produced at
45°. Despite showing a smaller average area, specimens printed at
0° were not significantly different from specimens built at 90° (Table 5).
Finally, nozzle temperature exhibited a significant influence, as speci-
mens printed at 220 °C showed significantly larger areas (Table 5). Layer
height and print speed had no influence on this metric in the ranges
considered in this study (Table 5).

Our analysis of the area of transmissibility functions data first
explored correlations with elastic modulus data. In this sense,
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Table 3

Damping ratios of 3D printed rectangular prisms grouped by the process parameters of interest. Average and standard deviation values are shown for every group. P values with asterisks (*) indicate statistically significant

differences between the magnitudes above.

3D Printing parameters

Raster angle (°)

Layer height (mm) Nozzle Temperature (°C) Print speed (mm/s)

Build Orientation

90
(n =32)

45
(n =32)

120
(n = 48)

60

(n = 48)

220
(n = 48)

On edge 0.25 200
(n = 48) (n =48)

(n = 48)

On flat
(n = 48)

(n =32)

(n = 48)

1.0 £ 0.2

1.2+0.3
0.0130* (45-90)

1.4+ 0.8

1.1 £0.2 1.2+ 0.6 1.1 +£05 1.3 +0.7 1.1 +£0.3 1.1 £ 0.6 1.2+ 0.5
0.5795

0.1666

Damping ratio (%) 1.3 +0.7

1st Bending

0.0037* (90-0)
1.0+ 0.1

P=

P=

0.5542 (0-45)

1.8+1.7
P = 0.0366* (0-45)

P=

P =0.0123*

1.3+1.2

P=

1.5+15

P =0.1831

1.5+1.3

P=

1.5+1.3

Mode
2nd Bending

1.3+0.8
0.1016 (45-90)

1.2+ 0.6 1.5+1.1
0.1419

1.3+1.0

1.2+1.0

0.0150*

Damping ratio (%)

0.0002* (90-0)

P=

P=

P=

P = 0.5947

P =0.1599

P=

Mode
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representative transmissibility functions of low, intermediate and high
equivalent elastic modulus specimens showed that the contributions to
the area came, on one hand, from the amplitude, especially in the case of
the 1st bending mode, and the width of vibration modes (Fig. 8).

However, a correlation between area and equivalent elastic modulus
was not found. Nevertheless, the representation of these metrics sug-
gested the area increased until an elastic modulus close to 2000 MPa was
reached (Fig. 9). Moreover, the distinction of 3D printed specimens
according to raster angle confirmed a linear increase of area with 2nd
bending mode equivalent elastic modulus for parts produced at 0° (R? =
0.77; Fig. 9) and 45° (R? = 0.74).

Transmissibility functions have been widely applied to monitor the
structural health of beam structures [73,74]. In these studies, the
objective was to define a damage indicator from transmissibility func-
tions that was able to detect the onset of damage in the structure. This
damage indicator was obtained subtracting the transmissibility function
of a damaged beam from that of the undamaged structure. Other re-
searchers have used frequency response functions to evaluate the tool
point dynamic repeatability for high-speed machining applications [75].
Thus, deviations from the baseline repeatability of frequency response
functions allowed successful identification of changes in the tool setup.
In our study, the analysis of the area of transmissibility functions helped
to identify 3D printed specimens that were fabricated better from a
structural point of view, even though a damage indicator or a baseline
reference were not introduced. Thus, prisms exhibiting the largest areas
also had relatively high equivalent elastic modulus, suggesting the
transmission of excitation and, therefore, fabrication were better. As
additive manufacturing technologies inherently produce porous parts,
the study of transmissibility frequency response functions of 3D printed
products may provide useful insight from a quality control perspective.

As for vibration amplitude behavior, build orientation was the most
influential process parameter on the 1st bending mode amplitudes.
Thus, 3D printed rectangular prisms built on edge having significantly
higher amplitudes (Table 5). After build orientation, nozzle temperature
also had an impact on the 1st mode amplitude, as samples produced at
220 °C displayed significantly higher amplitudes (Table 5). The
remaining process parameters exhibited no significant influences.

Interestingly, the influences of process parameters on 2nd bending
mode amplitudes were notably different. Thus, raster angle was the most
influential process parameter, as rectangular prisms built depositing
filaments at 90° showed significantly higher amplitudes (Table 5). This
behavior might stem from the geometrical characteristics of the 2nd
bending mode, for which relatively compliant specimens, those fabri-
cated at 90°, are the ones that perform better. In addition, rectangular
prisms built choosing a layer height of 0.25 mm exhibited significantly
higher amplitudes (Table 5).

One of the main conclusions of the analysis of damping ratios was
that low damping ratios were associated with superior interfilament
bonding and relatively high elastic modulus, that is, with well-fabricated
parts. Optimally fabricated parts are also expected to exhibit higher
vibration amplitudes, based on the achievement of good interfilament
bonding. For that reason, the relationship between damping ratios and
amplitudes was explored. In the case of the 1st bending mode, no clear
trends were detected (reciprocal fitting R = 0.58; Fig. 10a). However,
damping ratio and amplitude were inversely correlated for the 2nd
bending mode (reciprocal fitting R2 = 0.76; Fig. 10b). Moreover, the
distinction of 3D printed specimens according to raster angle revealed
that filament deposition at 90° implied simultaneously low damping
ratios and high amplitudes for the 2nd mode (Fig. 10b). This finding
suggests that most rectangular prisms produced at 90° were well-
fabricated from both 2nd mode damping ratio and amplitude perspec-
tives, although their equivalent elastic moduli were comparatively
lower. As mentioned before, this behavior might stem from the more
geometrically demanding characteristics of the 2nd bending mode.
Thus, stiffer rectangular prisms (i.e. those fabricated at 0° and, there-
fore, with filaments aligned to the load direction) would not reach high
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Fig. 5. Damping ratio versus equivalent elastic modulus dependency derived from the 1st bending mode. For this mode, damping ratios were not correlated with
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amplitudes in the case of the 2nd bending mode, whereas more
compliant 3D printed specimens (i.e. those fabricated at 90°) would
perform better.

3.4. Stiffness and damping models based on the Classical Laminate
Theory

The equations derived from CLT allowed depicting the elastic
modulus-raster angle dependency. Three distinct behaviors were
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observed upon application of CLT, regardless build orientation (Fig. 11).
First, on flat process parameter combinations including high layer
thickness and high nozzle temperature, as well as on edge printing sets
featuring high temperature and high print speed, showed a decreasing,
sigmoid-shaped, curve for both 1st and 2nd mode elastic moduli (Dark
green lines in Fig. 11a and b). In these cases, small raster angles were
associated with the highest elastic modulus (>3000 MPa) and the
minimum was reached close to 1000 MPa at 90°. Laminated composites,
in which laminae consists of high modulus fibers and a low modulus
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effects on damping capacity, d).

10



F. Medel et al.

Fig. 7. 3D printed rectangular prisms built at 0° showed different degree of
interfilament bonding depending on the remaining printing process parameters.
Specimens fabricated on flat, at 0°, 200 °C, 120 mm/s and 0.1 mm (top)
exhibited poor interfilament bonding and high damping ratio (2.1%), whereas
the opposite was found for specimens fabricated on edge, at 0°, 220 °C, 60 mm/
s and 0.1 mm (damping ratio 0.8%; bottom).

polymeric matrix, typically exhibit this behavior [66,67]. Likewise, this
trend has been previously reported for specimens fabricated using FFF
[25,48]. The second behavior exhibited the lowest elastic moduli,
although some variation at 45° was present. This group was associated
with low nozzle temperature and high print speed (Dotted lines in
Fig. 11a and b). The third behavior was an intermediate or hybrid state,
which started with high elastic modulus (>3000 MPa) at 0°, strongly
decreased until a minimum (<2000 MPa) at 45° and ended with a light
increase (2000 MPa) at 90°. A variety of process parameter combina-
tions yielded this latter behavior, but most of them included the lowest
print speed. Analyses of the 2nd bending mode elastic modulus CLT
curves provided similar findings.

A variety of damping capacity behaviors was also noted upon
application of CLT. Overall, the lowest damping ratios (<1.5%) were
associated with high nozzle temperature, regardless other process pa-
rameters (solid lines in Fig. 12 a-d). Contrariwise, the combination of
low temperature and high print speed resulted in high damping ratios,
especially at 0° (dotted lines in Fig. 12 a-d). This behavior was connected
with evidence of poor interfilament bonding at the previously
mentioned printing conditions (0°, 200 °C and 120 mm/s). Again, it is
worth noting that selecting 0° as raster angle results in much longer

Table 4
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deposited filaments and, therefore, in higher probability of bonding
defects. Thus, higher raster angles were associated with lower damping
ratios, even for the most adverse process parameter combinations.
Regarding 2nd mode damping ratio CLT curves, they appeared to be
more sensitive to printing conditions than the corresponding 1st
damping ratio CLT curves. Thus, specimens fabricated using non-
optimal process parameters combinations exhibited the highest damp-
ing ratios (from 2.7 up to 7.4%) at 0°. Overall, the damping capacity
decreased or remained constant for the higher raster angles. The only
exception was the use of on flat orientation, low layer thickness, high
nozzle temperature and low print speed, which showed maximum
damping capacity for a raster angle close to 30° (orange solid line in
Fig. 12 c). Interestingly, Berthelot and Sefrani reported a very similar
behavior for laminated composites [66]. As laminated composites
combine a low modulus polymeric matrix and high modulus fibers, this
fact suggests that deposited filaments using the aforementioned printing
conditions reached good interfilament bonding, but with a low crystal-
linity interface region. Other printing process parameter combinations
(see dark green solid lines in Fig. 12 a-d) probably resulted in good
interfilament bonding and closer crystallinities for deposited filaments
and interface regions.

Altogether, elastic modulus and damping CLT curves helped to
identify suitable printing process parameters combinations. Thus, high
elastic modulus and low damping ratio were indicators of optimal 3D
printing fabrication. Nevertheless, we must keep in mind that 3D printed
parts are not fully comparable to laminated composites. The interface
region between filaments plays the role of matrix in 3D printed parts, but
it is comparatively much scarcer. On the other hand, the elastic moduli
of deposited filaments and interface regions are much closer than in
laminated composites. In addition, CLT typically considers laminated
composites composed of horizontally stacked layers, whereas 3D printed
parts are built with layers stacked according to different configurations,
depending on build orientation. In any case, LDV successfully charac-
terized both the stiffness and damping behaviors of 3D printed speci-
mens. Moreover, the analyses of the present experimental metrics, as
well as the application of CLT, provided insight into the relationship
between mechanical performance and 3D printing fabrication
conditions.

In summary, all the metrics derived from LDV characterization
demonstrated to be very useful in the inspection of mechanical perfor-
mance and interfilament bonding of 3D printed specimens. The present
findings confirm LDV is a very promising technique in the quality con-
trol of additively manufactured parts, with potential applicability at
both research and industrial levels. Furthermore, this is, to the authors’
knowledge, the first study to apply CLT to develop damping models for
3D printed specimens. Nevertheless, this study has a number of limita-
tions. First, our experimental design did not cover all the 3D printing

3D printing process parameters combinations exhibiting the lowest damping ratios. Manufacturing conditions yielding the highest equivalent elastic moduli are also

shown.

Build Orientation Nozzle Temperature (°C) Raster Angle (°)

Layer Height (mm)

Print Speed (mm/s) Equivalent

Elastic Modulus (MPa)

Damping Ratios (%)

1st Mode 2nd Mode 1st Mode 2nd Mode
On flat 220 90 0.25 60 0.8 0.9 1590 1751
On flat 220 45 0.25 120 0.8 0.9 2383 1959
On edge 220 0 0.1 60 0.8 0.9 3333 3340
On edge 220 0 0.1 120 1 1 3899 3961
On edge 200 0 0.25 60 1.1 2 3995 2819
On edge 200 90 0.25 60 0.8 0.9 1853 1069
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Area under the curve of transmissibility frequency response functions and amplitude values of the 1st and 2nd bending modes corresponding to 3D printed rectangular prisms. Average and standard deviation values are

shown for every group. P values with asterisks (*) indicate statistically significant differences between the magnitudes above.

Table 5

3D Printing parameters

Raster angle (°)

Print speed (mm/s)

Nozzle Temperature (°C)

Layer height (mm)

Build Orientation

90
(n = 32)

45
(n =32)

120
(n = 48)

On edge 0.1 0.25 200 220 60
(n =48) (n =48) (n=48) (n =48) (n =48)

(n = 48)

On flat
(n = 48)

(n =32)

7648 + 1843 8661 + 1622

7785 + 2217

8799 + 2066 7985 + 2144 8077 + 1740 7455 + 2166 8607 + 1504 8200 + 1583 7863 + 2251

7264 + 1468

AREA (ms~2/ms~?)*Hz

P = 0.2482 (90-0)

0.0365* (45-90)

(Student’s)

P=

0.5063 (0-45)

P=

P =0.7250 P = 0.0032* P =0.3982

P < 0.0001*

218 +117 267 + 101

264 + 121

319 +98 253 + 130 246 + 97 221 +123 278 +£ 97 262 + 114 237 £ 114

180 + 83

1st Mode AMPLITUDE

(ms~2/ms™?)

P = 0.0879 (45-90) P = 0.9245 (90-0)

0.1065 (0-45)
Student’s

P=

0.2775

P=

P =0.7333 P =0.0121*

P < 0.0001*

Student’s

(Student’s)

171 £ 55 200 + 39

132 + 58

174 + 54 156 + 58 179 + 57 163 + 62 172 + 54 177 + 48 159 + 66

162 + 62

2nd Mode AMPLITUDE

(ms~2/ms™2)

P < 0.0001* (90-0)

0.0312* (45-90)

P=

P = 0.0011* (0-45)

0.3753

P=

0.6950

P=

0.0364*

P=

0.1284

P=

12
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Fig. 8. Representative transmissibility functions for 3D printed specimens
featuring different equivalent elastic moduli (High and intermediate modulus
curves have been vertically shifted for clarity). Stiffer specimens exhibited a
shift to higher frequencies. Sharp vibration peaks were generally connected
with larger areas, low damping behavior and optimal printing conditions.
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Fig. 9. Influence of 2nd bending mode equivalent elastic modulus on the area
of transmissibility functions of 3D printed specimens. Regardless raster angle,
the area of transmissibility functions reached a plateau above an elastic
modulus threshold close to 2000 MPa.

process parameters in FFF. Thus, air gap, bed temperature, extruder
diameter, infill density and pattern, and number of shell perimeters,
among others, were not considered and, when needed, they were set to
default values. In this sense, previous studies have reported the signifi-
cant influence of negative or zero air gaps, 100% solid infill density and
larger nozzle diameters in achieving superior mechanical properties [14,
20,24,38,41,42]. Second, our experimental plan included only two or
three levels for the five printing process parameters considered, to make
the study less time intensive. Thus, the potential influence of layer
height in the LDV metrics could not be captured. As previously reported,
layer thickness close to or higher than nozzle diameter may result in
reduced contact areas between deposited filaments and, therefore,
inferior mechanical properties [45]. Third, our approach to analyze the
metrics derived from LDV characterization of 3D printed specimens has
given priority to simplicity against the use of more refined methodolo-
gies, such as those based on the operating deflection shapes (ODS) and
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damping ratios and the highest amplitudes.
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Fig. 11. 1st bending mode elastic modulus versus raster angle curves derived from Classical Laminate Theory (average experimental values are included as scatter
points). Three different behaviors were noted: a decreasing, sigmoid-shaped, modulus (dark green lines), an overall low elastic modulus (violet dotted line) and an
intermediate behavior (orange line). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

their corresponding curvatures [52,54]. In any case, the applicability of
these LDV metrics in the additive manufacturing field appears very
promising, for instance in the simulation and experimental assessment
of novel 3D printed products featuring much more complex geometries,
infill patterns or untested printing process parameters combinations for
custom mechanical behavior.

4. Conclusions

In the present work, metrics extracted from LDV characterization
served to assess the mechanical behavior, the degree of interfilament
bonding and overall quality of 3D printed rectangular prisms. Thus,
natural frequencies of 1st and 2nd bending modes allowed computation
of the corresponding equivalent elastic moduli and identification of
significant influences of process parameters (raster angle, nozzle tem-
perature, etc.) on the mechanical behavior. Moreover, damping ratio
data confirmed the association between high damping and poor inter-
filament bonding. In addition, it was possible to identify optimal values
of 3D printing process parameters for low damping ratios and, therefore,
enhanced interfilament bonding. Specifically, on edge build orientation,
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a nozzle temperature of 220 °C, a raster angle of 0°, a layer height of 0.1
mm and both print speed levels yielded simultaneously high elastic
moduli (>3300 MPa) and low damping ratios (<1%). On the other hand,
data corresponding to areas of transmissibility functions and amplitudes
of vibration modes revealed that optimally manufactured specimens
exhibited larger areas and higher amplitudes. Despite of their simplicity,
the metrics analyzed here have proved successful in the assessment of
3D printed specimens. Furthermore, the application of CLT to develop
stiffness and damping models helped to identify different behaviors,
depending on the 3D printing conditions. In particular, process param-
eters combinations including both low temperature (200 °C) and high
print speed (120 mm/s) were associated with low equivalent elastic
moduli and high damping ratios. In light of these results, LDV represents
a powerful tool to characterize the mechanical properties and overall
quality of additively manufactured products at both research and in-
dustrial levels. Further research on the use of LDV for characterization of
3D printed constructs designed for different applications (biomedical,
automotive, etc.) and mechanical scenarios (torsion, compression,
impact, fatigue, etc.) is warranted.
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Fig. 12. 1st and 2nd modes damping ratios versus raster angle curves derived from CLT analysis (average experimental values are included as scatter points). High
nozzle temperature typically resulted in low damping ratios (<1.5%). Contrariwise, low nozzle temperature and high print speed resulted in high damping ratios
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