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In this study, we explored the suitability of laser-scanning vibrometry (LSV) for evaluation of the
mechanical behavior of rectangular prisms produced by Fused Filament Fabrication (FFF). Our hypothesis
was that LSV would be able to discriminate the mechanical behavior of specimens fabricated with differ-
ent process parameters combinations. Build orientation, raster angle, nozzle temperature, printing speed
and layer thickness were the process parameters of interest. Based on a factorial design of experiment
approach, 48 different process parameter combinations were taken into account and 96 polylactic acid
(PLA) rectangular prisms were fabricated. The characterization of their dynamical behavior provided fre-
quency data, making possible the computation of an equivalent elastic modulus metric. Statistical anal-
ysis of the equivalent elastic modulus dataset confirmed the significant influences of raster angle, build
orientation and nozzle temperature. Moreover, multivariate regression models served to rank, not only
the significant influences of individual process parameters, but also the significant quadratic and cubic
interactions between them. The previous knowledge was then applied to generate an ad hoc model
selecting the most important factors (linear and interactions). The predicted equivalent elastic moduli
provided by our ad hoc model were used in modal analysis simulations of both 3D printed rectangular
prisms and a complex part. The simulated frequencies thus obtained were generally closer to the exper-
imental ones (�11%), as compared to modal analysis simulations based on internal geometry modelling
(�33%). The use of LSV appears very promising in the characterization of the mechanical behavior and
integrity of 3D printed parts. Other additive manufacturing technologies may benefit from the use of this
technique and from the adoption of the presented methodology to test, simulate and optimize the
properties of 3D printed products.
� 2021 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

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

Since the 1980s, Fused Filament Fabrication (FFF), also known
as Fused Deposition Modelling (FDM), a trademark registered by
Stratasys, has become a very popular additive manufacturing
(AM), or 3D printing, technology [1–4]. FFF builds parts by deposit-
ing filaments of thermoplastic polymers, previously heated near
the melt and extruded through a nozzle, onto a building platform.
In this way, parts are produced in a layer-by-layer fashion and each
of these layers is composed of a number of filaments or rasters that
join to the adjacent ones upon solidification. As an AM technology,
FFF allows for fabrication of parts with complex geometries,
requires no part-specific tooling, reduces material waste and
diminishes fabrication times in the case of short series, as opposed
to classic subtractive manufacturing technologies. In the last years,
some FFF machines have incorporated two extruders, making pos-
sible the use of support material (typically, polyvinyl alcohol) to
create overhanging features or the fabrication of parts with two
different materials [5]. All these features make FFF a very attractive
technology not only for rapid prototyping (fabrication of presenta-
tion or educational models, visual aids, etc.) but also for functional,
end-use, parts. Thus, the aerospace, automotive and biomedical
industries, among others, have incorporated FFF, as well as other
AM techniques, to their technological core [6–10].

In the previous context, the mechanical performance of parts
fabricated by 3D printing technologies, FFF among them, has been
one of the main concerns of the scientific community. Obviously,
the mechanical properties of 3D printing materials are paramount
when they are intended to produce end use parts. Nevertheless, the
mechanical strength of 3D printed parts depends not only on the
3D printing material and technology used, but also on the printing
process itself. The choice of a specific combination of printing
parameters defines a distinct mechanical behavior. Moreover, it
also defines other properties, such as surface roughness, resolution
or dimensional accuracy, which may have an impact on mechani-
cal performance via stress concentration effects and other phe-
nomena [11]. Therefore, the properties of parts produced by FFF
depend on both the polymeric material of choice and the combina-
tion of production process parameters [12,13]. Overall, polylactic
acid (PLA) and acrylonitrile butadiene styrene (ABS) are the most
popular materials for FFF, although polycarbonate (PC), polyethy-
lene terephthalate (PET), thermoplastic polyurethane (TPU) and
polyvinyl alcohol (PVA) are also commonplace. Moreover, compos-
ites and high performance polymers, such as poly-ether-ether-
ketone (PEEK) or polyetherimide (PEI), are also available for AM,
including selective laser sintering and FFF [7–9]. Regarding process
parameters, a set of numerous variables, which can be custom
adjusted to achieve the desired 3D printed product, characterizes
FFF. Thus, bead width (width of a single deposited filament), air
gap (the distance between adjacent filaments within a layer), layer
thickness (the height of a layer, which is defined by the filament
height), raster angle (the in-plane angle between the deposited fil-
ament and the building platform), build orientation (orientation of
layers with respect to the part to be produced), feed rate or print-
ing speed (i.e. extrusion and deposition velocity), nozzle tempera-
ture, envelope or bed temperature, infill density and infill pattern,
among others, come into play and may have a relevant impact on
the mechanical properties and overall quality of the end product.
Furthermore, the anisotropic mechanical behavior of 3D printed
parts stems from the very nature of additive manufacturing tech-
nologies [14], and, as a multiparametric problem, it is not yet fully
understood.

There exists a growing body of scientific literature dealing with
the mechanical properties of parts fabricated by FFF, as reviewed
by different researchers [15–17]. Most of the reviewed studies
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focused on the influence of process parameters combinations on
static mechanical properties of 3D printed parts, being tensile,
compressive and flexural behavior the usual target properties
[5,12,13,18–28]. As the main findings, these studies highlight the
mechanical anisotropy of parts produced by 3D printing and the
strong impact of build orientation, as production of specimens
with layers perpendicular to the loading direction resulted in the
lowest strength and stiffness performances [12,13,18,19,23,25].
Similar to the build orientation effect, some studies confirm the
influence of raster orientation (raster angle) on mechanical behav-
ior depending on whether the deposited filaments or fibers were
aligned with the stress axis [22,23,25,26]. In addition, the influence
of infill density has been confirmed, with higher infill densities
associated with superior mechanical properties [13,27,29,30]. The
role of air gap is also clear, with zero or negative air gaps preferred
for optimal mechanical properties [12,22,23,29]. In contrast, the
effect of other print parameters, such as extrusion temperature,
bed temperature, printing speed or layer thickness appear to be
more controversial. Thus, some authors point out that higher
extrusion temperatures may favor inter-fiber bonding and porosity
reduction in 3D printed parts, therefore improving their mechani-
cal properties, particularly fracture resistance [20,31]. However,
Abbot and coworkers indicate that extruder temperature played
a minor role compared to printing speed in tensile strength and
contact length of 3D printed ABS coupons [21], whereas Yin and
colleagues found that building stage temperature significantly
improved the interfacial bonding strength between TPU and ABS,
but nozzle temperature and printing speed had minor influences
[5]. Regarding layer thickness, apparently contradictory results
have been reported. In this sense, Chacón and coworkers point
out that layer thickness had a slight effect on the tensile and flex-
ural strength of specimens printed on flat and on edge, while
higher layer thicknesses increased the corresponding properties
for upright samples [18]. Rodríguez Panes and collaborators con-
clude that increased layer height diminishes tensile strength
[13]. Sood and colleagues remarked that low layer thickness is con-
nected to a higher number of layers, fact that may imply better dif-
fusion and bonding in bottom layers, but also a higher number of
heating and cooling cycles that could generate residual stresses
in the part [22]. Moreover, Gómez-Gras and coworkers identified
an interaction between nozzle diameter and layer height and pre-
dicted a detrimental fatigue performance when both parameters
take a similar value [30]. In this sense, Aliheidari and colleagues
reported a huge rise in fracture resistance when layer height was
decreased from 0.3 to 0.2 mm for a 0.35 mm nozzle diameter,
but this effect was partially lost for the lowest layer thickness,
namely 0.1 mm [31]. Very recently, Basgul and collaborators have
explored the effects of printing speed, post-processing annealing
and alteration of layer cooling times on the mechanical properties
of 3D printed PEEK lumbar cages [7–9]. The conclusions of these
researchers were, on one hand, that printing speed was an impor-
tant parameter for 3D printed-PEEK, whereas annealing did not
produce markedly better mechanical (compression and torsion)
properties, but a slightly more noticeable effect was found at lower
printing speeds [7,8]. On the other hand, the alteration of layer
cooling by using bigger nozzle diameters and printing one cage
at a time was an effective strategy to improve mechanical proper-
ties (compression) of 3D printed PEEK cages [9]. Altogether, these
studies reflect the complexity of the mechanical performance of
3D printed parts, pointing out that, not only the influence of indi-
vidual factors, but also interactions between process parameters
may take place and have significant effects on the final mechanical
properties. Although interfacial contact and intermolecular diffu-
sion, which are thermally driven phenomena, govern neck-
growth and inter-fiber bonding of 3D printed parts [32], and there-
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fore their mechanical properties, the control of these physical phe-
nomena by properly combining process parameters remain to be
fully understood.

In contrast to static mechanical properties, there is a lack of
knowledge about the dynamic behavior of parts produced by FFF.
Mohamed and coworkers studied the dynamic mechanical behav-
ior of 3D printed specimens [33]. They observed that both storage
and loss compliances were more sensitive to layer thickness, air
gaps and number of perimeters. Specifically, they found the high-
est storage and loss compliances for the lowest layer thickness,
positive air gaps and the lowest number of perimeters, due to
the increased number of layers and the associated formation of
micro-voids, the absence of bonding between rasters and the com-
paratively weaker part walls, respectively. Lee and Huang and Zie-
mian and colleagues have pioneered the study of fatigue behavior
of additively manufactured ABS parts [23,24,34]. Lee and Huang
remarked the limited fatigue characteristics of FDM ABS parts,
although they exhibited similar ultimate stress limits than bulk
materials [34]. Ziemian and collaborators reported the superiority
of the 45�/�45� infill pattern in fatigue endurance and a three
stages fatigue damage model for 3D printed ABS specimens [24].
In this model, the rapid growth of fatigue damage (crazing, delam-
ination and fiber cracking) at the first stage of fatigue life preceded
a steady and slowest increase in the second stage that make way to
rapid damage in the final stage. More recently, Gomez-Gras and
coworkers have proposed honeycomb infill patterns, 75% infill den-
sity, 0.5 mm nozzle diameter and 0.3 mm layer height for optimal
rotating bending fatigue performance [30]. As far as creep proper-
ties are concerned, Salazar-Martín and Turk have studied the creep
behavior of additively manufactured specimens, concluding that
creep strain increases when air gap increases or the number of
contours decreases and the flexural creep modulus decreases with
temperature, respectively [29,35]. Regarding vibration behavior, to
the authorś knowledge only few studies have employed laser-
scanning vibrometry to assess the mechanical performance of 3D
printed structures or products [10,36,37]. Boldrin and colleagues
used laser-scanning vibrometry to assess the vibroacoustic
response of 3D printed auxetic gradient honeycomb composite
structures [10]. Kozin and coworkers created tympanic membrane
grafts by multi-material 3D printing and employed laser Doppler
vibrometry to measure surface motions in response to sound
[36]. Filippov et al attributed the differences in oscillation frequen-
cies, vibration velocities and damping factors to the presence of
numerous defects homogeneously distributed in 3D printed carbon
fiber composites [37]. In view of these studies, the use of laser-
scanning vibrometry might add significant knowledge about the
mechanical performance of 3D printed parts. Regarding FFF, the
number of filaments and layers used to produce a part, as well as
the bonds generated between them, will be responsible for a dis-
tinct vibration behavior, which depends on part stiffness. Typically,
lower numbers of filaments and layers, as well as bonds between
them, are expected to result in lower part stiffness. Another advan-
tage of laser-scanning vibrometry is its non-destructive and non-
invasive nature, making this technique an attractive candidate to
assess the mechanical integrity and quality of parts obtained by
FFF.
Table 1
3D printing process parameters considered in the present study.

3D Printing parameters

Build Orientation Layer height (mm) Nozzle
Temperature

On flat On edge 0.1 0.25 200
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In the present paper, our objective was to confirm the suitabil-
ity of laser-scanning vibrometry for mechanical performance char-
acterization of specimens produced by FFF. We hypothesized that
laser-scanning vibrometry would be able to discriminate the
mechanical behavior of 3D printed specimens fabricated with dif-
ferent process parameters combinations. Moreover, laser-scanning
vibrometry would serve to rank the influence of individual process
parameters as well as to detect interactions between them. For this
purpose, and based on a factorial design of experiment approach, a
set of specimens was fabricated by FFF for further vibrational char-
acterization. Forty-eight different process parameters combina-
tions were taken into account, including build orientation, raster
angle, layer thickness, nozzle temperature and printing speed as
the main 3D printing parameters. The modal analysis of the 3D
printed rectangular prisms (n = 96) was carried out paying atten-
tion to the equivalent elastic modulus as target property. A multi-
variate regression analysis of the vibrational data was performed
to identify and rank significant factors and interactions between
the previous 3D printing process parameters. Finally, simulations
of the dynamic behavior of 3D printed specimens were carried
out to test the utility of the equivalent elastic modulus metric
obtained from the laser-scanning vibrometry.

2. Materials and methods

2.1. 3D printing fabrication

Rectangular prisms (90 � 7 � 2 mm3) were designed using the
Computer Aided Design (CAD) software Solid Works (Dassault
Systèmes; Paris, France). The slicing software Cura (Ultimaker
BV; Utrecht; Netherlands) served to convert STL files generated
in Solid Works into G-code files and specimens were fabricated
from them using a commercial 3D printer Ultimaker 3 Extended
(Ultimaker BV; Utrecht; Netherlands). 2.85 mm diameter PLA
filament spools (Ultimaker BV; Utrecht; Netherlands) and a nozzle
of 0.4 mm were employed. Based on a factorial design of experi-
ments (DOE) approach, a sample set of n = 96 specimens was gen-
erated considering layer height, build orientation, nozzle
temperature, raster angle and printing speed as 3D printing pro-
cess parameters. Two levels for each of the selected 3D printed
parameters, three levels in the case of raster angle, were consid-
ered (see Table 1). Thus, 48 different combinations of 3D printing
process parameters were taken into account and two specimens
were fabricated for each parameter combination, giving the 96
specimens.

Although the slicing software Cura allows control of almost 500
individual printing parameters, most of them were not considered
as variables in the present study. When needed, they were set to
default values, for instance, the height (0.2 mm) and printing speed
(40 mm/s) of the initial layer, bed temperature (70 �C), travel speed
(250 mm/s) and infill density (100%), among others. Typically,
specimens built on flat were fabricated in six-samples printing
batches, whereas specimens built on edge were produced in two-
samples printing batches (Fig. 1). Upon fabrication, specimens
were measured in three different points to register their average
nominal dimensions, which allowed computation of a volumetric
(�C)
Printing Speed
(mm/s)

Raster angle (�)

220 60 120 0 45 90



Fig. 1. 3D printed rectangular prisms built on flat, a), and built on edge, b).
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error (in percentage), as a difference between the nominal and the-
oretical volumes.
2.2. Experimental analysis of dynamical behavior of 3D printed
specimens

The characterization of the dynamic behavior of 3D printed
specimens entailed obtaining their Transmissibility Frequency
Responses based on a cantilever beam configuration. Thus, the tar-
get property was the amplification factor between the excitation at
the fixed end of the specimen and the vibratory response at its free
end for every tested frequency. For this purpose, a 3D printed rect-
angular prism was clamped to a 2075 E shaker (The Modal Shop;
Cincinnati, Ohio), leaving 70 mm of free length as cantilever beam.
Then, dynamic tests were carried out subjecting specimens to a
random broadband excitation, which had a value of ((0.05
m/s2)2)/Hz and covered a range from 10 to 1000 Hz, at the fixed
end. A T333B30 accelerometer (PCB; Depew, New York) served to
control the input vibration signal, which sought stimulation of
the out-of-plane bending vibration modes. As the specimen mass
was small, laser Doppler vibrometry was performed to measure
the vibration response at the free end using a PDV10 laser vibrom-
eter (Polytec; Waldbronn, Germany). A PULSETM system (Brüel&K-
jaer; Nærum, Denmark), which consists of a data acquisition front-
end (Type 3560-C) and the PULSE software version 9.2, allowed
registration and digital processing of the signals. Furthermore, it
provided the Transmissibility Frequency Response Function for
each specimen based on the 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%. Amplification factor versus frequency
plots, generated using the vibration response data, allowed for
identification of the natural frequencies that correspond to ampli-
fication factor maxima.

The solution to the equation of motion of a solid, continuous
and uniform, cantilever beam subjected to free lateral vibration
gives the natural frequencies of the different vibration modes,
according to the following formula [38]:

f i ¼
ffiffiffiffiffiffiffiffiffiffi
E � J
q � A

s
1
2p

ki
l

� �2

ð1Þ

where fi is the natural frequency of the considered vibration mode,
E denotes the elastic modulus of the material, ki are constants
related to the vibration mode (1.875 for the first vibration mode)
and q is the density of the material. A, l and J are the cross-
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sectional area of the beam, free length and the moment of inertia
of the beam cross section, respectively.

Based on the previous equation and the experimental
characterization of modal behavior, an elastic modulus metric
was computed for every 3D printed rectangular prism using the
next formula [38,39]:

E ¼ f i � 2p
ki
l

� �2

0
B@

1
CA

2

� q � A
J

ð2Þ

In the case of our 3D printed, partially solid, rectangular prisms,
this elastic modulus metric did not represent the elastic modulus
of the material, but an equivalent elastic modulus that results from
the contributions of the deposited filaments and the bonds
between them, which have different elastic moduli.

2.3. Statistical analysis

The influences of 3D printing parameters on the vibrational
properties of rectangular prisms were statistically analyzed using
JMP 13 software (SAS Institute; Cary, North Carolina). To examine
the influence and effects of 3D printing parameters on the dynamic
behavior, box plots of volumetric error and equivalent elastic mod-
ulus versus a specific 3D printing process parameter were pre-
pared. The normality of data groups was confirmed (or rejected)
by the Shapiro-Wilk test. Student t-tests or Wilcoxon tests served
to confirm significant differences between means of normally or
non-normally distributed data groups, respectively (level of signif-
icance p < 0.05). In addition, the regression analysis platform of
JMP 13 software allowed us to generate multivariate regression
models for the target property, namely the equivalent elastic mod-
ulus of the 3D printed parts, as functions of the input parameters,
that is the 3D printing process parameters. In these models, the
influences of individual factors (factor 1, factor 2, factor 3 . . .) as
well as those of potential quadratic (factor1*factor2 . . .) and cubic
(factor1*factor2*factor3 . . .) interactions were taken into account.

2.4. Numerical analysis of dynamical behavior of 3D printed samples

Simulations of the dynamic behavior of rectangular prisms
were carried out using Solid Works (Dassault Systèmes; Paris,
France). First, modal analysis simulations of a solid rectangular
prism with a fixed end provided the mode shapes and the corre-
sponding natural frequencies, using a standard mesh and an ele-
ment size of 0.4 mm. In this case, an elastic modulus value of
2346.5 MPa was used for PLA. Afterwards, modal analysis simula-
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tions were performed using the equivalent elastic moduli obtained
in the experimental characterization. Finally, modal analysis simu-
lations based on the internal geometry of 3D printed rectangular
prisms were conducted. To design partially solid 3D printed spec-
imens fabricated at 0�, 45� and 90�, our strategy was to draw a solid
rectangular prism, from which some material was removed
extruding 0.01 mm thick holes at the corresponding angle and
without reaching the external walls of the specimen. Thus, fila-
ments of about 0.4 mm in diameter were indirectly created
(Fig. 2). Simulations were performed selecting a curvature-based
mesh with an element size of 0.1 mm. This design strategy allowed
successful modal analysis simulations using Solid Works. Simula-
tions based on individual filaments were discarded, as they were
computationally very expensive. Finally, a more complex part, a
multi-tube support, was designed and, then, simulation of its
dynamic behavior was carried out, using both the nominal elastic
modulus of PLA (2346.5 MPa) and the equivalent elastic modulus
of the part according to its 3D printing design parameters. More-
over, this part was 3D printed and tested to compare its experi-
mental dynamic behavior with the previous simulation. In
general, all the simulations of the vibrational behavior focused
on the frequency of the first mode shape.
Fig. 2. Schematics of the internal geometry modelling of rect

Fig. 3. Volumetric error of rectangular prisms fabricated a
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3. Results and discussion

3.1. 3D printing fabrication and dimensional accuracy

3D printing process parameters clearly influenced the final
dimensions of the rectangular prisms. Thus, fabrication performed
selecting 0� as raster angle yielded significantly lower volumetric
errors, averaging a 6 ± 4% (n = 32), as compared with parts fabri-
cated with 45� or 90�, which averaged 17 ± 8% (n = 32) and
18 ± 9%, respectively (p < 0.0001 in both cases; Wilcoxon test;
see Fig. 3a). Similarly, the on flat build orientation was associated
with significantly lower volumetric errors (p < 0.002; Wilcoxon
test; see Fig. 3b). On average, the volumetric error for specimens
fabricated on flat (n = 48) was 10 ± 2%, whereas this property
increased up to 18 ± 12% in the case of parts printed on edge.
The remaining 3D printing process parameters exhibited no
significant influences regarding dimensional accuracy within the
ranges considered in this study (p > 0.17; Wilcoxon tests).

The influence of build orientation on part accuracy was
expected, as Ahn and coworkers mentioned it in their build rules.
They noticed that two-dimension slices closely reproduce geome-
try, whereas three-dimension layer stacking creates linear approx-
angular prisms printed at 45� on flat, a), and on edge, b).

t different raster angles, a), and build orientations, b).
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imations [12]. In our study, the geometrical dimensions of the
specimen clearly affect the value of equivalent elastic modulus
(see Eq. (2)) and therefore it is necessary to control part accuracy
in FFF to obtain the actual mechanical performance. Furthermore,
FFF inherently generates a characteristic mesostructure in 3D
printed parts, featuring voids and interlayer necks [31]. In the pre-
sent study, we did not account for mesostructure, which would
have provided more accurate cross sectional area and moment of
inertia values. Nevertheless, the focus of our study was not to char-
acterize the mesostructure of 3D printed specimens, but to obtain a
metric from laser-scanning vibrometry experiments that would
capture the mechanical behavior of 3D printed specimens pro-
duced using different process parameter combinations and, there-
fore, featuring different mesostructures.
3.2. Numerical and experimental analysis of dynamical behavior

As a preliminary study, we performed a simulation of the
dynamic behavior of a solid rectangular prism in a cantilever beam
configuration. This simulation returned the modes shapes and
their corresponding frequencies for this sample. The first vibration
mode was a vertical (out-of-plane) bending found at a frequency of
91.2 Hz. The remaining mode shapes were a horizontal (in-plane)
bending at 315 Hz (second mode), a double vertical bending at
569 Hz (third mode), a torsion at 1488 Hz (fourth mode), and a tri-
ple vertical bending at 1584 Hz (fifth mode; see Fig. 4).
Fig. 4. Simulated mode shapes and their correspon
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3.3. Experimental analysis of dynamical behavior of 3D printed
samples

3.3.1. Frequency
Laser Doppler vibrometry was able to discriminate the dynamic

behaviors of rectangular prisms fabricated with different 3D print-
ing parameters combinations. Thus, amplification factor-frequency
plots revealed differences in both frequency and amplification fac-
tor magnitude behavior depending on the 3D printing fabrication
conditions (representative amplification factor-frequency plots
are shown in Fig. 5). As far as frequency is concerned, parts printed
on edge (n = 48) had significantly higher frequencies for the first
mode shape, averaging 102 ± 18 Hz, against specimens fabricated
on flat, which reached an average frequency of 79 ± 13 Hz
(p < 0.0001; Wilcoxon test; see Table 2). Likewise, the highest noz-
zle temperature was associated with significantly higher frequen-
cies (n = 48; 95 ± 18 Hz; p < 0.007; Wilcoxon test). In addition,
significantly lower frequencies were registered for specimens fab-
ricated with a raster angle of 45� (n = 32; 85 ± 23 Hz) in compar-
ison with samples printed at 0� (n = 32; 96 ± 15 Hz; p = 0.02;
Wilcoxon test).

3.3.2. Influence of 3D printing process parameters on the equivalent
elastic modulus

The experimental dynamic data along with the measured
dimensions of the rectangular prisms allowed for computation of
equivalent elastic moduli. Overall, raster angle was the most signif-
ding frequencies for a solid rectangular prism.



Fig. 5. Representative amplification factor versus frequency plots of rectangular prisms fabricated under different 3D printing conditions: build orientation, a), nozzle
temperature, b), raster angle, c), layer height, d), and printing speed, e).
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icant factor of the 3D printing process regarding stiffness behavior
(see Fig. 6a). Thus, parts printed at 0� (n = 32) exhibited signifi-
cantly higher elastic moduli (2856 ± 766 MPa) as compared with
specimens printed at 45� (n = 32) and 90� (averaging 1695 ± 684
and 1802 ± 475 MPa, respectively; p < 0.0001 in both cases; Wil-
coxon and Student’s t-test, respectively; see Table 2). However,
7

no significant differences were detected between equivalent elastic
modulus of parts printed with raster angles of 45� and 90� (p = 0.2;
Wilcoxon test).

Sood and coworkers highlighted the importance of raster angle
in the strength of parts manufactured by FFF [22]. In their work,
small raster angles implied longer rasters aligned to the loading



Table 2
Frequency and equivalent elastic modulus data of 3D printed rectangular prisms grouped by the process parameters of interest.

3D Printing parameters

Build Orientation Layer height(mm) Nozzle Temperature(�C) Printing Speed (mm/s) Raster angle(�)

On flat
(n = 48)

On edge
(n = 48)

0.1
(n = 48)

0.25(n = 48) 200
(n = 48)

220
(n = 48)

60
(n = 48)

120
(n = 48)

0
(n = 32)

45
(n = 32)

90
(n = 32)

Frequency (Hz) 79 ± 13 102 ± 18 92 ± 23 88 ± 16 85 ± 20 95 ± 18 90 ± 19 90 ± 21 96 ± 15 85 ± 23 90 ± 19
Equivalent Elastic
Modulus(MPa)

1866 ± 697 2369 ± 889 2158 ± 858 2078 ± 816 1905 ± 801 2331 ± 819 2150 ± 887 2085 ± 785 2856 ± 766 1695 ± 684 1802 ± 475
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direction, therefore resulting in strength improvement. Other stud-
ies reported similar findings, connecting small raster angles with
higher ultimate and yield tensile strengths and elastic modulus,
as long as the deposited fibers were aligned to the stress axis
[12,23,26]. In our study, the first mode shape corresponds to a
flexural mechanical scenario and the smallest raster angle (0�)
implies bending of fibers favorably aligned to the stress configura-
tion. In addition, our equivalent elastic modulus results for higher
raster angles (45� and 90�) agree with the elastic modulus behavior
reported by Casavola and colleagues, who pointed out similar elas-
tic moduli for these raster angles [26].

Build orientation also had a significant effect on the elastic
modulus, as specimens fabricated on edge (n = 48) showed signif-
icantly higher equivalent elastic moduli (2369 ± 889 MPa;
p < 0.006; Wilcoxon test; Fig. 6b). Nozzle temperature also demon-
strated a significant influence on the elastic modulus, with the
highest nozzle temperature (220 �C) associated with higher elastic
moduli (n = 48; 2331 ± 819 MPa; p < 0.008; Wilcoxon test; Fig. 6c).
In contrast, layer height and printing speed were not significant
parameters from the elastic modulus perspective (p > 0.6 in both
cases; Wilcoxon tests; Table 2). The scientific community com-
pletely agrees about the influence of build orientation on mechan-
ical performance of 3D printed parts [12,13,18,19,21,23,
25,29,40,41]. In most studies, the upright build orientation implies
part production with layers perpendicular to the stress axis, which
is the most unfavorable mechanical scenario, as interlayer bonds,
not fibers, have to withstand the load. Coherently, the upright
build orientation was not included in the present study, but even
so, laser-scanning velocimetry was able to detect different
mechanical behaviors within specimens fabricated with on flat
and on edge build orientations. Our results are in general agree-
ment with the findings reported by Chacón and coworkers, who
identified on-edge orientation as the best build orientation for
mechanical (strength, stiffness and ductility) performance [18].
As far as nozzle temperature is concerned, this process parameter
appeared to have a significant influence on the equivalent elastic
modulus of the present 3D printed parts. There is no complete
agreement in the scientific community about the influence of
extrusion temperature on mechanical properties, as some
researchers report a strong effect of this parameter on fracture
resistance [31] and other investigators affirm extruder tempera-
ture plays a minor role [21]. In our opinion, these apparently con-
tradictory results might stem from the particular temperature
values included in each study. Thus, if all the selected temperature
levels are above a threshold temperature, the influence of extruder
temperature will be insignificant. In this sense, Abbot and collabo-
rators chose two temperature levels, namely 230� and 270�, and
they measured the cooling time for 3D printed ABS tensile coupons
and, in both cases, the time that bond lines between layers were
above glass transition temperature (103.6 �C) was long enough to
ensure good adhesion, at least from the uniaxial tension perspec-
tive [21]. On the contrary, Aliheidari and coworkers included
extruder temperature values as low as 220 �C in their study and,
coherently, they found a significant effect of this parameter on
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the fracture resistance of ABS double cantilever beam specimens
[31]. In our study, the selected nozzle temperature levels for 3D
printed PLA specimens, equal to or lower than 220 �C, appear to
capture this threshold temperature between them, making possi-
ble the detection of significant influences. Regarding printing
speed, we were not able to detect significant differences in equiv-
alent elastic modulus based on the levels included in our experi-
mental design (60 mm/s and 120 mm/s). Nonetheless, some
studies point out the importance of increased local heating from
the heated nozzle at low printing speeds (10 mm/s) [21]. This
increased local heating effect reflects the importance of cooling
times in FFF. In this sense, 3D printing of fewer parts per build
implies slower cooling, yielding better mechanical strength as sig-
naled by Basgul and colleagues [9]. In our study, specimens built
on edge demonstrated, on average, superior equivalent elastic
modulus. In particular, specimens fabricated selecting on edge
build orientation; a raster angle of 0�; a nozzle temperature of
200 �C; a layer height of 0.25 mm and a printing speed of
60 mm/s exhibited the highest equivalent elastic modulus
(3995 MPa). On-edge specimens were fabricated in two-parts
builds and based on narrower layers. Both facts contributed to
make layer deposition comparatively faster, so the next layer was
deposited while the temperature of the previous one was relatively
high. Moreover, local heating effects, due to the proximity of the
extruder hot end, also had a relevant influence in this case. There-
fore, cooling times were comparatively longer for rectangular
prisms built on edge, favoring crystallization of both fused fila-
ments and regions of inter-filament bonding [32]. In this sense,
Sarasua and colleagues suggested that more crystalline and stiffer
PLA materials developed at lower cooling rates [42]. The noticed
mechanical improvement in our study might also reflect that
enhanced crystallization via slow cooling plays an important role
in FFF, counteracting the negative effects of too low extruder tem-
peratures or even too high printing speeds. Finally, layer thickness
had no significant effects on the present equivalent elastic modu-
lus results. Again, the inclusion of more layer thickness levels in
the experimental design might unveil significant effects, especially
at higher layer thicknesses (0.3 mm and above), for which smaller
contact areas between deposited filaments and inferior adhesion
are anticipated [31].

To confirm our experimental dataset (n = 96) had adequate
power to detect significant differences in equivalent elastic modu-
lus provoked by changes in process parameters, a power analysis
was performed (level of significance p < 0.05). Thus, a power of
93% to detect a 10% variation (210 MPa) in the equivalent elastic
modulus was confirmed for our dataset and model. Further statis-
tical analysis using multivariate regression models provided dee-
per knowledge about potential influences of 3D printing design
parameters on the dynamic behavior of parts fabricated by fused
filament fabrication. In general, regression models taking into
account only single factors with no interactions (factor 1, factor
2, . . . , factor 5) between the 3D printing design parameters did
not fit well enough the equivalent elastic modulus data
(R2 = 0.56; see Fig. 7a). As far as potential interactions between



Fig. 6. Influence of 3D printing process parameters on the equivalent elastic
modulus of rectangular prisms: raster angle, a), build orientation, b), and nozzle
temperature, c).
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3D printing parameters, regression models that included quadratic
(factor1*factor2, etc.) and cubic interactions (factor1*factor2*fac-
tor3, etc.) confirmed significant effects on the equivalent elastic
9

modulus. Thus, the inclusion of quadratic interactions improved
the model fit (R2 = 0.71). Moreover, a further improvement arose
when cubic interactions were also considered (R2 = 0.87; Fig. 7b).
The disadvantage of the latter model was the high number of vari-
ables, which reached 25. To generate a suitable model for the
equivalent elastic modulus without too many variables, an ad
hoc model was built, considering the most significant factors (in-
cluding single factors as well as quadratic and cubic interactions)
based on their utility logarithm, which is the negative logarithm
of the corresponding p-value (see Table 3).

Therefore, this ad hoc model consisted of 11 elements and
reached a reasonably good fit (R2 = 0.82) with a lower number of
variables than models including all the quadratic and cubic inter-
actions. In this model, the single factors raster angle, build orienta-
tion and nozzle temperature exhibited the greatest utility
logarithms, followed by the quadratic interaction between printing
speed and raster angle (in fourth place) and the cubic interaction
between build orientation, printing speed and raster angle (fifth
place; see Table 3).

Regarding unexpected or hidden interactions between 3D print-
ing fabrication parameters, the interaction graphics shown in Fig. 8
helps to identify potential synergies. For instance, raster angle and
printing speed (fourth box in the fifth row) significantly interact, as
the equivalent elastic modulus decreased for the highest printing
speed at 0� and 90� raster angles, whereas the tendency was the
opposite at 45�. On the contrary, raster angle and layer height (sec-
ond box in the fifth row) did not interact, as the use of different
layer heights did not provoke significant changes in the equivalent
elastic modulus.

Overall, the statistical analysis of the current equivalent elastic
modulus data establishes the hierarchy of 3D printing process
parameters from a mechanical perspective. It is noteworthy that
not all the process parameters had a linearly significant effect, as
printing speed and layer thickness exhibited no significant influ-
ences. Moreover, preliminary trials including square terms of all
process parameters (for instance, factor 1* factor 1) did not yield
better fits for the elastic modulus. In this regard, Lanzotti and
coworkers reported layer thickness, infill orientation (i.e. raster
angle) and number of shell perimeters were linearly significant
for the ultimate tensile strength of ABS coupons, but only the
square term of number of shell perimeters was significant [43].
Similar to our statistical results, Lanzotti and collaborators found
significant quadratic interactions between different process
parameters [43]. Nevertheless, the present multivariate regression
models did not account for the entire variability of the equivalent
elastic modulus data, missing an 18%. Probably, the addition of
more levels in the considered process parameters, as well as con-
sideration of more factors, such as bed temperature, air gap or
number of shell perimeters, would improve the goodness of fit.
In any case, the utility of any model arises from its simplicity, ease
of application and prediction capability. To assess the prediction
capabilities of our ad hoc model, a new set of six specimens (vali-
dation group) was fabricated based on combinations of 3D printing
process parameters not used before (see Table 4) and subsequently
tested.

The inclusion of these specimens in the ad hoc model, as well as
their corresponding 3D printing design parameters and experi-
mental equivalent elastic moduli, gave a very similar goodness of
fit: R2 = 0.81 (see Fig. 7d). The predicted equivalent elastic moduli
for this validation group were lower than the experimental results,
averaging a difference of 33 percent (range: 1–65%; see Table 4).
The dispersion of these predicted equivalent elastic moduli points
out that our ad hoc model did not cover the whole universe of pro-
cess parameters, interactions and levels. As mentioned, a higher
number of data points is needed to achieve more accurate predic-
tions, at the expense of longer experimental times. Nevertheless,



a) No interac�ons between parameters (5 variables). b) Quadra�c and cubic interac�ons (25 variables).

c) Ad hoc model (11 variables) d) Ad hoc Model including the valida�on specimens

Fig. 7. Multivariate regression analysis models of equivalent elastic modulus data. Model considering no interactions between parameters (5 variables), a), Model including
all the quadratic and cubic interactions (25 variables), b), Ad hoc Model including selected quadratic and cubic interactions (11 variables), c), Ad hoc Model including the
validation specimen group, d).

Table 3
Significance of individual 3D printing process parameters and their interactions on
the equivalent elastic modulus behavior.

3D Printing Process Parameter Utility
logarithm

P-value

Raster angle 18.0 1.1*10�18

Build orientation 7.7 2.2*10�8

Nozzle Temperature 6.0 9.6*10�7

Printing speed*Raster angle 5.9 1.2*10�6

Build orientation*Printing speed*Raster angle 4.7 1.8*10�5

Nozzle temperature*Printing speed 2.6 2.8*10�3

Build orientation*Layer height*Printing speed 2.5 3.3*10�3

Nozzle temperature*Raster angle 2.2 5.7*10�3

Build orientation*Layer height 2.0 9.9*10�3

Layer height*Nozzle temperature*Raster angle 1.9 1.2*10�2

Nozzle temperature*Printing speed*Raster angle 1.9 1.3*10�2
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the use of the predicted equivalent elastic modulus may still be a
useful tool in simulations of the dynamical behavior, as shown in
the next section.
10
3.4. Numerical analysis of dynamical behavior of 3D printed samples

Numerical simulations of the dynamic behavior of 3D printed
rectangular prisms confirmed the usefulness of the equivalent
elastic modulus metric. Thus, simulations of solid rectangular
prisms using the equivalent elastic modulus predicted by the ad
hoc model captured the experimental dynamic behavior. In these
simulations, the mean frequency of all the specimens fabricated
with a same 3D printing design parameter combination was the
target property. In all cases, the deviation between the simulated
and the mean experimental frequency was lower than 12% (see
Table 5).

Regarding simulations of the dynamic behavior modelling the
internal geometry of the specimens, the simulated frequencies
remarkably deviated from the experimental frequencies. Thus,
rectangular prisms modelled according to an on flat build orienta-
tion and 45� as raster angle exhibited a simulated frequency up to a
33% lower than the experimental frequency. Other internal config-
urations resulted in deviations higher than 13% in most cases (see
Table 6).

Therefore, simulations based on internal geometry modelling
were not successful in capturing the vibrational behavior of 3D



Fig. 8. Interaction graph showing interactions between 3D printing parameters.

Table 4
Combination of 3D printing fabrication parameters for the validation specimen group.

Number of
specimens(n)

3D Printing parameters Experimental Equivalent Elastic
Modulus(MPa)

Predicted Equivalent Elastic
Modulus(MPa)

Build
Orientation

Layer height
(mm)

Nozzle
Temperature (�C)

Printing Speed
(mm/s)

Raster
angle(�)

2 On flat 0.175 210 90 0 1893 2540
1941

2 On flat 0.175 210 90 45 837 1385
896

2 On flat 0.175 210 90 90 1497 1518
1345
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printed rectangular prisms, at least when the nominal elastic mod-
ulus of PLA (2346.5 MPa) was considered. More sophisticated finite
element simulations may be necessary to capture properly the
vibrational behavior of parts with the typical mesostructure gener-
ated by FFF. In this regard, the use of the equivalent elastic modu-
11
lus in modal analysis simulations appears to be a simpler and more
effective method to reproduce the experimental dynamic behavior.

Bearing in mind that the equivalent elastic modulus may be a
useful property in finite element method simulations of 3D printed
parts, our last purpose was to check the applicability of this metric



Table 5
Comparison between the experimental frequency of 3D printed prisms and the simulated frequency obtained using the predicted equivalent elastic modulus.

3D printing process parameter Simulated Frequency (Hz) Experimental Frequency (Hz) Error(%)

Build Orientation On Flat 81.3 78.7 �3.3
On Edge 91.6 101.5 9.8

Layer Height(mm) 0.1 87.5 92.4 5.3
0.25 85.8 87.6 2.1

Nozzle Temperature(�C) 200 82.2 84.5 2.7
220 90.9 95.4 4.7

Printing Speed(mm/s) 60 87.3 89.6 2.6
120 86.0 90.4 4.9

Raster Angle 0� 100.6 95.3 �5.6
45� 77.5 84.8 8.6
90� 79.9 90.0 11.2

Table 6
First mode shape frequencies corresponding to simulations based on the internal geometry modelling of 3D printed prisms.

Simulated Frequency (Hz) Experimental Frequency (Hz) Error (%)

Build Orientation On Flat Raster Angle 0� 92.6 91.1 �1.6
45� 46.3 69.3 33.3
90� 63.3 75.6 16.3

On Edge Raster Angle 0� 72.3 99.8 27.6
45� 73.6 100.2 26.6
90� 90.7 104.4 13.2

Fig. 9. Experimental set-up and dynamic behavior simulation results for a 3D printed multi tube support.
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in the assessment of a more complex piece. In this case, a multi
tube support was 3D printed on flat, using a layer height of
0.1 mm, a nozzle temperature of 200 �C, a printing speed of
120 mm/s and 90� as raster angle (see Fig. 9). The dynamic behav-
ior of this part was characterized, finding the experimental fre-
quency for the first mode shape: 51.5 Hz. Then, we compared the
former experimental frequency with the frequencies obtained
from simulations of the modal behavior using both the nominal
elastic modulus for PLA (2346.5 MPa) and the equivalent elastic
modulus predicted by the model (1208.5 MPa) for the prior 3D
printing parameter combination. The latter gave a frequency for
the first mode of 54.9 Hz, whereas the former yielded a frequency
of 76.5 Hz, confirming the validity of the equivalent elastic modu-
lus as a more realistic metric for use in simulations of the vibra-
tional behavior of 3D printed parts.

This study had a number of limitations. First, our experimental
plan did not include all the process parameters that intervene in
FFF. Air gap, bed or envelope temperature, extruder diameter, infill
density and number of shell perimeters, among others, were either
not considered or they were set to default values. It is already
known that air gap and infill density have significant effects on
mechanical performance, with zero or negative air gaps and 100%
solid infill densities preferred for superior mechanical properties
[13,22,23,30,44]. On the other hand, smaller nozzle diameters
imply longer fabrication times and they were associated with
12
lower ultimate loads, according to Basgul and coworkers [9]. Sec-
ond, our experimental plan included only two or three levels for
most of the variables to make the study less time intensive. In this
regard, our study would have needed more levels in the printing
speed and layer thickness variables to capture more potentially
significant influences on mechanical behavior. As reported earlier,
low printing speeds may favor increased local heating and there-
fore fiber-to-fiber and interlayer bonding, whereas layer thick-
nesses equal or greater than the nozzle diameter may result in
reduced contact areas between deposited filaments [21,31], having
these phenomena important consequences from the mechanical
point of view. Assuring a proper and more complete level selection,
we anticipate laser-scanning vibrometry will discriminate the for-
mer effects based on the detection of significant influences and
interactions in the present study. Finally, the third limitation of
our study is that the modal analysis simulations performed, espe-
cially those based on internal geometry modelling, were based on
too simplistic assumptions. Fused Filament Fabrication produces a
typical mesostructure of bonded fibers and voids, which is far from
being homogeneous as fiber-to-fiber bonds and interlayer bonds
may have very different mechanical properties that the fiber core.
Nevertheless, the predicted equivalent elastic modulus, which
arose from our ad hoc model, was a useful metric in the modal
analysis simulation of a more complex part, giving frequency val-
ues close to the experimental behavior. This methodology, 3D
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printing production of coupons with specific process parameters
and laser-scanning vibrometry characterization, may be applicable
and useful in the design and production of complex, real-world, 3D
printed parts with customized mechanical behavior.

4. Conclusions

In this study, laser-scanning vibrometry has proved successful
in the mechanical characterization of 3D printed rectangular
prisms. This technique has allowed identification of significant
influences and interactions of 3D printing process parameters
on the equivalent elastic modulus of 3D printed parts. Statistical
analysis of the current dataset identified, from a mechanical
perspective, linearly significant process parameters, namely raster
angle, build orientation and nozzle temperature. In this sense, our
results agree with the importance of the alignment of deposited
fibers and loading direction for superior mechanical performance
and the need for high enough nozzle temperature and longer
cooling times to ensure optimal fiber-to-fiber and interlayer
bonding. Moreover, using multivariate regression models, we
were able to rank the influence of 3D printing process parameters
on the equivalent elastic modulus of rectangular prisms produced
by FFF. These models also served to confirm significant interac-
tions (both quadratic and cubic) between process parameters,
which in some cases exhibited higher significance than single
3D printing design parameters. For instance, the interaction print-
ing speed*raster angle was much more significant than printing
speed and layer thickness alone in this study. The previous
knowledge was then applied to generate an ad hoc model select-
ing the more important factors (linear and interactions) within
the 3D printing process parameters. This ad hoc model provided
equivalent elastic modulus data that was used in further simula-
tions of the modal behavior, giving results very close to the exper-
imental ones (�11%). Based on our study, the use of laser-
scanning vibrometry appears very promising in the characteriza-
tion of the mechanical integrity and quality of 3D printed parts.
Other additive manufacturing technologies may benefit from the
use of this technique and from the adoption of the presented
methodology to test, simulate and optimize the properties of 3D
printed parts. Further research on the use of laser-scanning
vibrometry for characterization of 3D printed specimens designed
for different mechanical scenarios (torsion, compression, impact,
fatigue, etc.) and for analysis of other mode shapes and damping
properties is warranted.
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