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ORIGINAL ARTICLE

Computational characterization of polymeric materials 3D-printed via fused
filament fabrication
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University of Catalonia, Barcelona, Spain

ABSTRACT
This work develops a novel homogenization-based computational strategy for predicting the
mechanical properties of fused filament fabricated parts by characterizing the component accord-
ing to the different printing patterns used. The anisotropic constitutive material models obtained
for each printing pattern allows the accurate prediction of the behavior of the entire component.
The model is validated against experiments with the samples manufactured according to corre-
sponding printing patterns. Various materials including Polycarbonate/Acrylonitrile Butadiene
Styrene and ULTEM 9085 are tested. The good accuracy of the predictions obtained using present
approach indicates that material characterization can be successfully performed in a fully numer-
ical way.
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1. Introduction

3D-printing, also known as additive manufacturing (AM), is
a process of layer by layer deposition of the material to
build a 3D component. Due to its many advantages, such as
material saving and facility to fabricate complex shapes, AM
has attracted major interest of many industrial sectors.

Among the numerous AM techniques, fused filament fab-
rication (FFF) aims at printing 3D prototypes using poly-
meric materials [1, 2].

In FFF, material is extruded via a nozzle by melting the
filaments and depositing them in a layer by layer manner
on the printing platform enabling the fabrication of complex
3D structures (Figure 1).

FFF is studied and used by diverse groups of academics and
industry professionals and application fields of this technology
are continuously growing. To mention some of the most recent
applications of FFF, Singh et al. [3] used recycled/virgin ther-
moplastics to print in house energy storage devices in shape of
dry cell via FFF. Moreover, Vidakis et al. [4] used conductive
polymer composites as feedstock materials in FFF with multi-
functional performance to print low-priced customized bio-
medical components with complex features.

Similar to other AM techniques, the material properties
of the printed FFF part can differ from that of the raw
material [5]. Noticeably, the final behavior of the FFF com-
ponents is anisotropic, in contrast to the isotropic behavior
of the raw material. This behavior is the consequence of
layer-to-layer and filament-to-filament adhesion as well as
the printing patterns [6].

The process parameters such as the printing orientation,
thickness and printing pattern selected prior to the printing
procedure affect the quality and performance of the printed
component [7]. Therefore, choosing appropriate process
parameters and thus maximizing the performance of FFF
parts is an important issue for the AM industries.

The printing patterns in a FFF structure is a combination
of aligned filaments, crossed filaments (with 458 raster angle)
and the selected pattern for the inner structure (lattice or
infill; Figure 2). The aligned filaments dress most of the
external surfaces while the crossed filaments dress only the
top and bottom surfaces.

The inner structure pattern also affects the overall stiff-
ness and behavior of the part. These inner structures are
used in FFF components so as to reduce the weight and the
amount of material, making FFF technique advantageous
over other AM technologies in terms of raw material
expenditure [8]. Considering that the amount of material
can be greatly reduced in FFF, it is particularly important to
ensure that the fabricated component provides the desired
mechanical performance.

Prediction of the mechanical properties of the FFF com-
ponents is a challenging task due to their inherent hetero-
geneity and anisotropy. Commonly, for the performance
analysis of the FFF structures and verifying the effect of
each printing parameters, the printed part is analyzed as a
component made of a single material with given properties.
Several research works have studied the effect of the printing
orientation [9–14] and the effect of raster angle [15–21] on
the final mechanical behavior of the component following
this assumption.
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Casavola et al. [22] described the final orthotropic proper-
ties of the FFF parts of acrylonitrile butadiene styrene (ABS)
and polylactic acid (PLA) using classical lamination theory
(CLT). The orthotropic material behavior of the parts built in
different orientations is assessed by experiment in [23, 24]. The
experimental works reveal the effect of the built orientation
and printing patterns on the final properties of the FFF parts
[23–32]. From these works it is evident that the build orienta-
tion has a great role in the material behavior and characteriza-
tion of the printed part. Therefore, the variation of the
material behavior due to these two features has to be consid-
ered for the characterization of the part.

Rodriguez et al. [33, 34] presented a model for predicting
the in-plane anisotropic elastic moduli of ABS materials.
However, the model did not account for the elastic moduli
of other material directions such as that of extruded fibers.
The latter is essential to accurately evaluate the capability of

the model as changes in polymer orientation affect its mech-
anical properties.

Nasirov et al. [35, 36] employed asymptotic homogeniza-
tion to predict the mechanical properties of FFF infill struc-
tures by upscaling the properties from microscale to
mesoscale and from mesoscale to macroscale.

In the latest work of Somireddy and Czekanski [37] the
FFF parts of polymeric composite material were modeled
using computational homogenization to estimate their final
constitutive behavior. However, differentiation of the prop-
erties according to the printing patterns involved in a single
component was not considered.

In the previous works of the authors [38, 39], each print-
ing pattern used in a component represented a material
with its corresponding properties (three printing patterns
represented three materials). To feed the anisotropic mater-
ial properties for the zones with aligned and crossed fila-
ments, tensile tests were performed on the samples with the
corresponding printing patterns. The in-fill was modeled
using computational homogenization technique as a homo-
geneous material with an equivalent constitutive behavior.

In this article, we propose to take full advantage of the
computational homogenization technique, not only for mod-
eling the in-fill structure but also for the zones with aligned
filaments as well as crossed filaments. The novelty of the
model consists in the distinction among the material proper-
ties of the zones of a single printed component according to
the printing patterns: aligned filaments, crossed filaments,
and the inner structure. Anisotropic linear elastic constitu-
tive models are considered for describing the mechanical
behavior of each part of the component. Moreover, material
properties of each part is identified computationally using a
representative volume element (RVE). The materials studied
in this work are general purpose acrylonitrile butadiene styr-
ene (ABS GP), polycarbonate/acrylonitrile butadiene styrene
(ABS-PC), PEI ULTEM 9085, and Polylactic Acid (PLA).
The material properties obtained computationally are com-
pared with the material properties of the samples tested
experimentally in uniaxial tests.

The computational approach proposed in this work can
be used as a design-for-manufacture (DFAM) strategy in
order to create functional components.

2. Methodology

To characterize the material properties experimentally, nine
parameters in the case of orthotropic material and five parame-
ters in the case of a transversely isotropic one, it is necessary
to perform tensile tests at 6 and 3 orientations, respectively
(Figure 3). These tests have to be performed for each different
printing pattern, multiplying the number of the tests.
Moreover, several repetitions are needed for each test.

Contrariwise, the methodology developed in this work is
fully based on the computational characterization of the
materials printed by FFF.

A FFF component involves three printing patterns: (i) the
zones with aligned filaments representing the contour of the
component, (ii) the crossed filaments covering the top and

Figure 1. Schematic representation of FFF process.

Figure 2. Printing patterns of a FFF component.
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bottom surfaces of the component, and (iii) the inner structure
(in-fill or lattice) filling the inner part of the component with a
certain density corresponding to raster to raster air gap.

The mechanical properties of the printed material are aniso-
tropic and different from those of the isotropic raw material
[5]. The degree of anisotropy depends on the printing pattern.
It has a significant role on the material characterization.

In case of the top and bottom surfaces and the inner struc-
ture, the anisotropy is in the build direction. The stiffness is
weaker than the inner-layer adhesion between printing layers.
In case of the aligned filaments, the stiffness in the filament
direction is greater than the intrafilament adhesion.

2.1. Constitutive model

To characterize the structural stiffness of FFF components, a
linear elastic constitutive behavior is considered:

rm¼Cm�m (1)

where rm and �m are the Cauchy stress and strain vectors,
respectively. Cm is the constitutive (stiffness) matrix of the
material. Reciprocally,

�m¼Dmrm (2)

where Dm¼Cm
�1 is the compliance (flexibility) matrix. The

compliance matrix of orthotropic materials is formed by 9
independent parameters: Ex, Ey, Ez, �xy, �xz, �yz, Gxy, Gzx, Gyz.

Dm ¼

1
Ex

� �yx
Ey
� �zx

Ez
0 0 0

� �xy
Ex

1
Ey

� �zy
Ez

0 0 0

� �xz
Ex
� �yz

Ey
1
Ez

0 0 0

0 0 0 1
Gyz

0 0

0 0 0 0 1
Gzx

0

0 0 0 0 0 1
Gxy

0
BBBBBBBBBBBB@

1
CCCCCCCCCCCCA

(3)

where Ei is the Young’s modulus along axis i, Gij is the
shear modulus in direction j on the plane whose normal is

in direction i, and �ij is the Poisson’s ratio defining the rela-
tionship between the transversal deformation (direction j)
and the axial elongation (when the loading is applied in dir-
ection i).

In FFF, as the components are printed in a layer by layer
manner, the material properties can be considered as trans-
versely isotropic. This means that the mechanical properties
are symmetric in all directions of the transverse plane nor-
mal to an anisotropic principal axis along the deposition
direction. If xy is the symmetry plane, the transversely
isotropic material parameters are: E ¼ Ex ¼ Ey, Ez, �xy, �zx,
G ¼ Gzx ¼ Gyz.

2.2. Computational homogenization

The stiffness matrices of the contour, the cover and the
inner zone of the printed part can be calculated from the
known properties of the raw material used for the printing.
All the aforementioned zones of the single component rep-
resent a periodic architecture of the material (Figure 4). A
small volume of the printed material as a Representative
Volume Element (RVE) is considered for the computational
homogenization (Figure 5). Shape, size, and distribution of
the voids can vary depending on the filament dimension
and the printing condition. Consequently, they affect the
RVE dimension and shape.

In the homogenization technique, the RVE is considered
as a macroscopically homogeneous orthotropic material. The
homogenization technique involves macro and micro levels
conforming to the FFF components and each separated
zones, respectively [38, 39].

Following the steps described in Algorithm 1, to obtain
the macroscopic homogenized constitutive matrix for each
zone, macroscopic strains �m, are passed from the macro
scale to the micro scale (down scaling) to solve the boundary
value problem (BVP)ð

VRVE

rS~vðxÞrlðxÞdV ¼ 0 (4)

Figure 3. Printing orientations for material characterization (a) Orthotropic (b) Transversely isotropic.
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on the chosen RVE where the micro scale stress–strain rela-
tionship is

rlðxÞ¼ClðxÞð�mðXÞþrS~uðxÞÞ (5)

Functions ~v correspond to the Finite Element discret-
ization of the RVE and ~u for the micro displacements’ fluc-
tuation. x stands for the coordinates at the microscale, and
X at the macro scale. rl is the microscopic stress field at
each point x of the computational domain, Cl the micro-
scopic constitutive tensor and �l microscopic strains.

Since the parts are made of a periodic material pattern,
the RVEs are deformed periodically similar to the neighbor-
ing RVE. The Periodic Boundary Conditions (PBC) applied
to the RVE models are

~uðxþÞ ¼ ~uðx�Þ 8fxþ¼x�g 2 CRVE (6)

where xþ and x� are pairs of points corresponding to the
opposite faces of the RVE boundary. Then after solving the
RVE problem, the solution obtained at local level is up-
scaled to the macro level. The relationship between the local
stresses rl and global stresses rm is defined by

rmðXÞ ¼ 1
VRVE

ð
VRVE

rlðxÞdV (7)

Cm, the effective constitutive matrix of the anisotropic
material is obtained

Cm¼ SE�1 (8)

where E and S consist of 6 macroscopic strain and stress states

given as E ¼½�ð1Þm :::�
ð6Þ
m � and S ¼½rð1Þm :::r

ð6Þ
m �, respectively.

Algorithm 1: First-order computational homogenization

Data: 6 representative macroscopic strain states: �ð1Þm , �ð2Þm ,

�
ð3Þ
m , �ð4Þm , �ð5Þm and �

ð6Þ
m 2 R

6 (3 elongations and 3
distortions)

Result: the homogenized macro constitutive tensor Cm2R6�6

for k¼ 1 to 6 do

�m  �
ðkÞ
m ; /� Down-scaling �/

Solve the BVP
Ð
VRVE
rS~vrldV ¼ 0 applying the PBCs;

rl  Clð�mþrS~uÞ;
rm  1

VRVE

Ð
VRVE

rldV ; /� Up-scaling �/
r
ðkÞ
m  rm;

end

Form E ½�ð1Þm :::�
ð6Þ
m � and S ½rð1Þm :::r

ð6Þ
m �;

Cm  SE�1;

3. Computational characterization

This section presents the constitutive modeling of the parts
with different printing patterns in a FFF component. The
analysis is performed for four polymeric materials: ABS GP,
ABS-PC, PLA, and PEI ULTEM 9085. First, the character-
ization of the material behavior using tensile tests is

Figure 4. Printing patterns in a FFF component.
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presented. Then, the stiffness matrix using the computa-
tional homogenization technique is determined. The compu-
tationally obtained material properties are validated with the
results of tensile tests on samples made of the corresponding
printing patterns.

In previous works of the authors [39], the computational
homogenization technique for modeling the infill of FFF
printed demonstrators has been validated. In this work, we
focus on the contour and cover of the FFF components with
aligned and crossed printing patterns, respectively.
Moreover, for such printing patterns the experimental char-
acterization is available.

3.1. Filaments material

Considering a 10% overlap between adjacent fibers accord-
ing to the mesostructure [10] and due to their diffusion at
the interface during solidification, the geometry of the cross
section of two adjacent filaments is shown in Figure 6,
where the height H and the width W depend on the print-
ing parameters. Although the cross section of the fibers can
be considered elliptical [40, 41], Garzon-Hernandez et al.
[42] suggested that it was more realistic to characterize them
as oblongs (a rectangle and two half-circles).

The heights and widths of the filaments cross section for
ABS GP, ABS-PC, PLA, and PEI ULTEM 9085 are listed in
Table 1.

The corresponding elastic parameters of the raw materials
are given in Table 2. These isotropic properties are taken
from Refs. [43–46]. However, these parameters can vary
slightly depending on the manufacturer.

3.2. Aligned filaments

For the experimental characterization of the contour mater-
ial with the aligned filaments ASTM D638 dog-bone samples
with the corresponding pattern have to be fabricated and
tested. In previous works such samples have been tested and
characterized [38, 39, 46]. Some of these tests focused on
the transversely isotropic characterization of the material.
For the characterization of the constitutive matrix, such tests
include horizontal, vertical, and 458 printing orientations.

In the tensile tests, to obtain the Poisson’s ratio, digital
image correlation (DIC) is employed. DIC is a powerful

Figure 6. Simplified model of two adjacent filaments.

Table 1. Filaments cross section.

PLA ABS-GP ABS-PC PEI Ultem

Height (mm) 0.200 0.150 0.150 0.254
Width (mm) 0.400 0.400 0.450 0.508

Figure 5. Homogenization framework.

Table 2. Raw material properties.

PLA ABS-GP ABS-PC PEI Ultem

Young’s modulus (MPa) 3368 2100 2000 2600
Poisson’s ratio 0.24 0.34 0.36 0.35

Table 3. Material properties characterized via tensile tests: Aligned filaments.

Ex Ey Ez Gxy Gxz Gyz
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) �xy �zx �zy

PLA 2.50 2.50 3.05 1.01 0.94 0.94 0.24 0.24 0.24
ABS-GP 1.59 1.59 1.94 0.61 0.60 0.60 0.30 0.30 0.30

±0.07 ±0.07 ±0.05 ±0.06 ±0.05 ±0.05 ±0.06 ±0.06 ±0.06
ABS-PC 1.51 1.51 1.86 0.56 0.56 0.56 0.35 0.35 0.35

±0.03 ±0.03 ±0.04 ±0.01 ±0.02 ±0.02 ±0.01 ±0.01 ±0.01
PEI Ultem 2.06 1.93 2.24 0.63 0.53 0.65 N/A 0.35 0.37

±0.17 ±0.07 ±0.08 ±0.03 ±0.04 ±0.05 ±0.04 ±0.04

Figure 7. RVE corresponding to the aligned filaments of contour.

Table 4. Homogenized material properties: Aligned filaments.

Ex Ey Ez Gxy Gxz Gyz
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) �xy �zx �zy

PLA 2.59 2.11 3.09 0.98 1.10 1.00 0.25 0.24 0.24
ABS-GP 1.63 1.34 1.93 0.59 0.65 0.58 0.32 0.34 0.34
ABS-PC 1.56 1.28 1.83 0.56 0.61 0.55 0.34 0.36 0.36
PEI Ultem 2.02 1.67 2.39 0.72 0.80 0.71 0.33 0.35 0.35
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experimental method for measuring full displacement and
strain field. The fundamental idea of this technique lies in
images comparison of a sample dressed with a speckle pat-
tern before and after deformation, and by that to calculate
the displacement and the strain fields as well as Poisson’s
ratio. This procedure is expensive. However, it is found in
[39] that the effect of Poisson’s ratio is minor on the final
performance of the structure.

In case of contour material where the filaments are
aligned, the transversely isotropic material properties
obtained through the tensile tests are shown in Table 3.

The computational homogenization analysis is performed
using the open source Kratos multiphysics finite element
code [47]. As explained in Algorithm 1, the RVE is sub-
jected to six diverse strains, applied separately by PBC in
Eq. (6). This implies that six distinctive uniaxial and shear
load cases are arranged for six strains to obtain the
unknowns of the constitutive matrix. The RVE depends on
the process parameters and the printing pattern. RVEs are
oriented guaranteeing that their mesostructure is accurately
oriented with reference to the load direction. After perform-
ing the finite element simulation for the homogenization of
the material, the unknowns of the orthotropic matrix
are obtained.

The RVE of the aligned filaments is taken from the mes-
ostructure [10] and presented in Figure 7. The mesostruc-
ture is parametrically modeled for the computational
homogenization analysis in order to obtain the macrome-
chanical properties. The RVE is discretized by approximately
280,000 tetrahedral elements.

The orthotropic material properties obtained through
the homogenization are presented in Table 4. A compari-
son between the tests and computational results is plotted
in Figure 8. The normalized properties are nondimen-
sional properties referring to the ratio of the obtained
parameters, experimentally or computationally, with
respect to the raw material properties. The agreement
between the numerical and experimental material parame-
ters is truly remarkable.

There is a slight difference between the Ey values
obtained via homogenization and tensile test in case of ABS-
GP and ABS-PC. This difference can be the result of the
experimental set up. The tests were set so that transversely
isotropic behavior of the material, rather than fully ortho-
tropic, is characterized. Also, the underestimation of Ey may
also be correlated to the assumption that the filaments are
perfectly distributed along the cross-section, producing per-
fect diamond voids [48]. These voids can actually be tri-
angle-shaped [42], a fact that implies a lower void fraction
and thus an increase in the value of Ey.

Differences in the fabrication process cause the dispersion
in the resulting parameters. For instance, printing at room
temperature can cause great variability from one batch of
specimens to another. The use of thermal chamber reduces
the temperature gradient between the deposited filaments,
strengthening the unions between layers, enhancing the
mechanical behavior and reducing the degree of orthotropy.

To illustrate the computational procedure, Figure 9
presents the stress distribution (in terms of the von Mises
stress) in RVEs subjected to 6 different strains using PBC to

Figure 8. Normalized material properties. Aligned filaments.
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determine the anisotropic material parameters. The original
undeformed boundary of the geometry is shown in red.

Considering the contour RVE (Figure 9), in all the cases
the maximum stress appears at the conjunction between the
filaments, the weakest part of the mesostructure. Debonding
between the filaments can occur in the first loading case
(Figure 9(a)) where �xx is applied. Therefore, these types of
loading can be a cause of failure in such structures.

3.3. Crossed filaments

In case of cover material where the filaments are crossed,
the experimentally characterized transversely isotropic
material properties of the cover through the tensile tests are
shown in Table 5.

The RVE of the crossed filaments taken from the meso-
structure [10] is presented in Figure 10. The RVE is

Figure 9. Stress distribution in RVE of contour subjected to six different strains. (a) �xx, (b) �yy, (c) �zz, (d) �xy, (e) �yz, (f) �xz.

Table 5. Material properties characterized via tensile tests: Crossed filaments.

Ex Ey Ez Gxy Gxz Gyz
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) �xy �zx �zy

PLA 2.42 2.42 1.42 0.98 1.21 1.21 0.24 0.24 0.24
ABS-GP 1.54 1.54 0.90 0.58 0.45 0.45 0.33 0.33 0.33

±0.07 ±0.07 ±0.31 ±0.06 ±0.11 ±0.11 ±0.07 ±0.07 ±0.07
ABS-PC 1.51 1.51 1.53 0.56 0.23 0.23 0.35 0.35 0.35

±0.5 ±0.5 ±0.09 ±0.2 ±0.02 ±0.02 ±0.01 ±0.01 ±0.01
PEI Ultem 2.13 2.15 2.09 0.75 0.74 0.63 N/A 0.39 0.34

±0.06 ±0.19 ±0.11 ±0.09 ±0.09 ±0.08 ±0.00 ±0.03

Figure 10. RVE corresponding to crossed filaments of cover.

Table 6. Homogenized material properties: Crossed filaments.

Ex Ey Ez Gxy Gxz Gyz
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) �xy �zx �zy

PLA 2.87 2.87 1.42 1.01 0.74 0.74 0.24 0.22 0.24
ABS-GP 1.75 1.75 0.88 0.68 0.68 0.68 0.33 0.33 0.33
ABS-PC 1.79 1.79 1.47 0.65 0.60 0.60 0.34 0.35 0.35
PEI Ultem 2.33 2.33 1.91 0.85 0.78 0.78 0.33 0.34 0.34

MECHANICS OF ADVANCED MATERIALS AND STRUCTURES 7



discretized by approximately 310,000 tetrahedral elements.
The anisotropic material properties obtained through the
homogenization technique are presented in Table 6. A com-
parison between the experiments and the model results is
plotted in Figure 11.

The agreement between the numerical and experimental
material parameters is remarkable for most of them.
Regarding the differences obtained for the shear moduli
affecting the vertical planes, several remarks are in order:

a. The layer thickness in the experiment due to the layer-
to-layer filament overlap is lower than the numerical
model where the preprinted filaments dimensions are
considered. An increase in layer thickness decreases the
stiffness of polymeric products as shown in [48];

b. Since in the present computational model it is assumed
that the bonding between adjacent filaments and
between adjacent layers is perfect, it follows that most
of the predicted stiffness are higher than the measured
ones. The only property that does not follow this trend
is Ez, which is greater in the experiments than in the
model results. In order to be able to capture this, an
inter-layer adhesion model has to be considered. The
obtained results demonstrate that the intra-layer and
the inter-layer adhesion play a significant role in the
behavior of the FFF samples;

c. Differences in the fabrication process cause the disper-
sion in the resulting material parameters. The effect of
thermal chamber and reducing the degree of orthotropy
is visible in the ABS-PC and Ultem crossed samples.
Moreover, the ABS-PC properties depend on the ratio

of PC and ABS in the blend. ABS-PC features a
remarkable impact resistance at low temperatures that is
better than impact resistance of ABS or PC, separately.
Therefore, ABS-PC presents a higher stiffness in the
printing direction than ABS-GP. Similarly, Ultem exhib-
its an excellent strength-to weight ratio and impact
strength with large heat resistance, as well as flame-
retardant capacity.

These items affect each distinct material quite differently.
It can be seen that in case of PEI Ultem, the agreement
between the experimental and numerical material parame-
ters is remarkable also for the shear moduli of the verti-
cal planes.

To illustrate the computational procedure, Figure 12
presents the stress distribution (in terms of the von Mises
stress) in RVEs subjected to six different strains using PBC
in order to determine the anisotropic material parameters.
The original undeformed boundary of the geometry is
shown in red.

Considering the cover RVE (Figure 12), in all the cases
the maximum stress appears at the conjunction between the
filaments. The second loading case (Figure 12(b)) where �yy
is applied has more tendency to cause the failure of the
structure at the conjunction between the filaments than the
other loading cases.

3.4. Discussion

Based on the experimental and computational results
obtained, Young’s modulus, shear modulus and Poisson’s

Figure 11. Normalized material properties. Crossed filaments.
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ratio depend on the printing orientation. In case of aligned
filaments Ez, Young’s modulus on the filament direction, is
higher than Young’s moduli on the other two directions,
being Ez the stiffest one. However, this behavior is quite the
opposite in case of crossed filaments. Due to the elliptical
shape of the filaments, the contour material behaves ortho-
tropically, while the cover material behaves as transversely
isotropic due to the symmetric pattern of the xy plane. The
obtained numerical results are accurate and close enough to
the experimental ones.

The layer thickness and the overlap among the adjacent
strands are the driving parameters causing the differences
with the experimental tests. In the computational model, the
bonding between the adjacent strands is considered perfect
while this is not the case in the real printed specimen. Also,
the mesostructure depicted in this work is not the exact rep-
lication of the specimen’s mesostructure used in the experi-
ments causing the differences between the experimental and
numerical studies.

4. Summary and conclusion

In this work, the mechanical properties of parts manufac-
tured via FFF are predicted using a computational hom-
ogenization technique. As the material behavior varies with
the variation of the printing patterns (aligned and crossed)
present in a single component, differing from that of the
raw material, each one of them is characterized separately.
The numerical simulations results show good agreement
compared with experimental tensile tests. Although isotropic
materials are used for the printing, the mechanical behavior
of each part is anisotropic due to the printing pattern and
process parameters.

The numerical approach developed in this work has the
capability of predicting the elastic properties of subcompo-
nents of 3D-printed structures with different printing pat-
terns. This methodology results in a significant reduction of
the number of experimental tests necessary for the charac-
terization of the 3D printed parts.

Figure 12. Stress distribution in RVE of cover subjected to 6 different strains. (a) �xx, (b) �yy, (c) �zz, (d) �xy, (e) �yz, (f) �xz.
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The results are obtained for standard printing conditions
with perfect bonding between the adjacent strands, but they
can be extrapolated to any process parameters by modifying
the geometry of the RVE appropriately. Thus, the proposed
methodology can be applied to a wide range of cases.

Depending on the filament dimensions and the printing
conditions, the size and shape of the voids between the
layers and filaments may vary, affecting the characterized
material properties.

A decrease in the layer thickness due to the overlap of
adjacent filaments of different layers increases the stiffness
of polymeric products.

The FE microstructural simulation on a RVE allows the
identification of the localized stress at the interfaces between
the adjacent filaments and printing layers, and thus, the pre-
diction of failure modes in FFF parts. It is found that
debonding between the filaments and the failure of the FFF
structure may be caused by the loading cases where �xx (dir-
ection perpendicular to the filament and printing axes) and
�yy (printing direction) are applied in case of aligned and
crossed filaments, respectively.
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