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ABSTRACT

A comprehensive investigation is presented on the Fused Filament Fabrication (FFF) technology’s possi-
bilities to create cellular solids with a broad spectrum of specific stiffness and strength, modifying cell
geometry and size, while addressing manufacturing matters such as inherent defects and built time.
Thirteen typologies of two-dimensional cellular patterns with different relative densities are examined.
Results have allowed conclusions to be drawn regarding the influence of cell type and infill density on
mechanical performance. Intra-layer and inter-layer inherent defects identified after manufacturing
highlight the importance of optimizing filament trajectories. A reliable comparison of the elastic proper-
ties of the cellular patterns as a function of their density is presented. An experimentally validated
numerical model is provided for predicting the compression stiffness of the different cell patterns with
an average deviation below 5%. The model can reproduce the behavior in the elastic range based on ten-
sile specimen properties and a Normal Stiffness Factor to account for the phenomenon of elastic asym-
metry of the FFF printed samples. The wide range of results achieved is experimental confirmation of
the potential of FFF cellular solids. Lastly, this investigation provides analytical, numerical, and empirical
validated evidence to further design-for-additive manufacturing strategies with cellular solids for design-
ing advanced lightweight structures.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cellular solids are defined as those made up of an intercon-
nected network of solid struts or plates that form the edges and
faces of cells, packed together to fill space [1]. Basically, there are
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two broad classes of cellular solids: one consists of a stochastic
structure such as foams, whereas the other is composed of a peri-
odic structure such as lattice truss and prismatic structures. Its
properties depend directly on cells’ shape and connectivity and
the specific solid material they are made. The single most impor-
tant feature of a cellular solid is its relative density, which is the
quotient between the density of the cellular solid and the one of
the solid material of which it is made.

Cellular solids appear in many natural materials and structures,
such as cancellous bone, wood, cork, or sponges [2-4]. Man has
used natural cellular materials for centuries since they have phys-
ical, mechanical, and thermal outstanding properties compared to
fully dense solids. The human-made cellular solids exploit the
unique combination of properties for a wide range of engineering
applications, such as the low density, which allows the design of
light and stiff components such as sandwich panels; the low ther-
mal conductivity for manufacturing effective thermal insulation;
or the low strength and large compressive strains which make
them attractive for energy-absorbing applications [5-10].

Recent advances in additive manufacturing (AM) technologies
have widened the horizons of the fabrication possibilities and
application of cellular solids [11-18]. A major advantage of the
AM technologies is its feasibility to fabricate lighter structures with
a wide range of materials, printing the parts with solid shells filled
with low-density infill. Accordingly, the infill stands as a manufac-
turing parameter that plays a significant role in the strategy to
reduce weight, time to print, and print cost but also to design
structures with tailored properties [19,20]. This provides AM an
outstanding competitive advantage as compared to other conven-
tional manufacturing technologies.

An additively manufactured part’s infill density is an important
design factor directly related to the cell size. The parameter can be
adjusted as a percentage of filling or by controlling the internal
raster-to-raster air gap. It has been shown that infill density has
a noticeable effect on weight reduction, manufacturing time, and
cost, but also on stiffness and strength of the printed part. Never-
theless, infill geometry defined by cell shape can play even a more
significant role in the printed part’s mechanical performance since
it could allow producing components with tailored functional
characteristics [21-27]. For example, when the cells are equiaxed,
the properties are isotropic, but when the cells are even slightly
elongated or flattened, the properties depend on the direction, pre-
senting an orthotropic or even an auxetic behavior. Hence, if such
parts are to be used in load-bearing components, understanding
their mechanics is of utmost importance for an optimal design.

Several studies on the mechanical behavior of cellular solids
manufactured by AM and, in particular, by Fused Filament Fabrica-
tion (FFF) can be found in the literature. Overall, the different
works mainly investigate their mechanical behavior through
numerical approaches, with some experimental validation exam-
ples [28-33]. These studies analyze the effect of infill density on
mechanical performance by modifying the cell size, or the effect
of infill geometry by changing the cell typology. In general, the
studies focus on compression behavior and mostly on analyzing
the auxetic behavior induced by cell geometry [34-51]. Other
researchers have investigated the combination of different infill
cells, creating the so-called hierarchical cell geometries with
promising results [52-55]. However, most studies are bounded to
analyzing some particular cell geometry or numerical modeling
of various cell typologies, establishing comparisons based on their
performance. Hence, in the authors’ opinion, there is a need for
more comprehensive research. Firstly, to explore FFF technology’s
possibilities to create multiple cellular solids able to broaden the
spectrum of specific stiffness and strength from one single mate-
rial. Secondly, to study the primary cell geometries together with
the effect of cell size from a mechanical performance point of view,
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but also considering manufacturing issues, thus aimed to con-
tribute to strengthen AM cellular solids designs’ feasibility.

Accordingly, the purpose of this work is to investigate the role
of the infill density together with the pattern geometry on the
mechanical performance and weight reduction of cellular solids
manufactured by FFF. The work is focused on two-dimensional
geometries, thus avoiding the use of support material. This study
aims to provide analytical, numerical, and experimental validated
evidence to further contribute to design-for-additive manufactur-
ing strategies with cellular solids, with an in-deep analysis of the
infill's mechanical performance and addressing manufacturing
matters, such as inherent defects and built time.

2. Cell designs

Since the cell pattern plays an essential role in the cellular
solid’s physical and mechanical properties [1], a broad and a repre-
sentative number of the principal two-dimensional cell shapes
found in the literature are examined in this work. In particular,
the analysis encompasses the two-dimensional cell shapes Antite-
trachiral, Circular, Hexachiral, Hexagon, Re-Entrant Hexagon type I
and II, Lozenge Grids, Rotachiral, Sinusoidal Ligaments, Square
Grids, SrCuBO, and Tetrachiral. The infill so-called Sparse, widely
used in FFF printing strategies, has also been included for compar-
ison. Fig. 1 depicts the unit cell shapes and a representative man-
ufactured sample of each infill pattern assessed. Sub-figure s
corresponds to a solid cube sample made by the same material
as the cell walls, the results of which will be used for comparison.

As stated before, the single most important feature of a cellular
solid is its relative density, which is the quotient between the den-
sity of the cellular solid (p*) and the one of the solid material (p*) of
which it is made. Furthermore, the relative density is equivalent to
the ratio between the elastic modulus along z-direction of the cel-
lular solid and the one of the corresponding solid material [1], i.e.:

E _p

E g v
Generally speaking, natural cellular solids have relative densities
which are less than about 30%.

The effective in-plane Young modulus (E; and E}) and strength
(0% and o) of two-dimensional lattice structures can be also esti-
mated from the relative density and the Young modulus of the
solid E’. In particular, the scaling laws can be adequately repre-
sented by the power-law expressions [56]:
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where b =1 and ¢ = 1 for stretch-dominated structures; b = 3 and
¢ =2 for bending-dominated structures; and By, By, Cx, and C, are
experimental coefficients that depend on the pattern cell geometry.
This classification does not consider the overall effect of shear, hing-
ing, and flexural stiffness; however, the predictions are reasonably
acceptable. Although there are some works in the literature that
provide some of these experimental factors, very few cell patterns
are reported [1,23,56,57].

Given the relevance of relative density, in this work each cell
shape’s geometrical design has been parameterized with the vari-
ables indicated in Fig. 1. In this way, modifying the design param-
eters allows the building of cellular solids with different infill
densities while keeping the cell pattern. Considering these design
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Fig. 1. Unit cell shapes design and corresponding FFF manufactured sample of each infill pattern assessed.
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parameters, the analytical equations for the relative density of all
the infill patterns have been determined, as shown below:

(a) Antitetrachiral
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3. Methodology
3.1. Manufacturing of samples

To investigate the infill density’s role together with the infill
geometry on the mechanical performance and weight reduction
of cellular solids, the thirteen above designs were evaluated with
three different density levels, except for the Sparse type, for which
six air gap values were considered, thus providing a total of 42 dif-
ferent filling configurations. Table 1 collects the design parameters
selected for each configuration. Cell wall-thickness t was set to
0.508 mm for all configurations. An integer number of complete
unit cells was settled to get a cubic specimen whose dimensions
were as close as possible to 40 x 40 x 40 mm.

Specimens were manufactured in a Stratasys Fortus 400mc
FDM equipment using PEI Ultem 9085 material. This printer has
a chamber that controls the temperature during the whole manu-
facturing process, improving the inter-layer adherence between
adjacent building layers [19]. The optimum operating conditions
for processing PEI Ultem require an oven temperature of 195 °C,
while the extrusion temperature for the model material was set
to 380°C. Insight 3D Printing Software (Stratasys) was used for
the G-code generation. Samples were manufactured with a slice
height of 0.254 mm and a nominal wall-thickness t of just one con-
tour of 0.508 mm. This fact reduces the required material for build-
ing each cell pattern and its manufacturing time. Sparse patterns
were created by including a separation between intra-layer fila-
ments with the raster-to-raster air gap parameter. Due to the
two-dimensional design of the unit cells and the upright orienta-
tion, no support material was necessary as geometries can stand
by itself while building, which directly benefits the manufacturing
time and material consumption. The estimated manufacturing
time for each configuration is provided in Table 1.

Two samples were printed for each configuration and testing
orientation, leading to a total of 198 samples. Once printed, sam-
ples were examined using a high-resolution Olympus DSX1000
digital microscope to assess the manufacturing process and iden-
tify possible defects. In addition, the mass and the nominal exter-
nal dimensions of each manufactured sample were measured, and
their density was determined. The experimental relative density
was then calculated by dividing the average result of every consid-
ered infill pattern over the solid configuration value. These results
are summarized in Table 1, where minor differences are noticed
between the experimental relative density results and the
corresponding analytical ones calculated with the equations
Eq. (4)-(16).
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Table 1
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Design parameters, manufacturing time, and analytical and experimental relative densities.

Pattern Density Level Design dimensions Manufacturing time (min) Relative density (%)

a (mm) b (mm) 0 (°) Anal. Exp.

(a) Antitetrachiral 1 1.30 4.00 - 608 46.07 44,58
Il 2.00 7.00 - 258 26.41 25.32

11 2.75 10.00 - 111 18.73 16.60

(b) Circular I 1.70 - - 381 45.04 47.64

Il 2.20 - - 206 37.22 40.18

11 3.20 - - 212 27.55 34.21

(c) Hexachiral I 1.30 5.20 - 522 40.91 38.61
1l 1.90 7.50 - 265 30.16 27.18

11 2.50 10.00 - 172 23.59 21.81

(d) Hexagon I 2.35 - - 265 26.37 25.25

11 2.85 - - 157 22.04 21.50

11 3.85 - - 98 16.58 16.44

(e) Lozenge Grids 1 1.70 - - 205 32.54 32.60
Il 2.20 - - 127 25.40 24.76

11 2.70 - - 101 20.83 20.90

(f) Re-Entrant Hexagon [ I 235 2.69 60 291 3547 35.59
1l 2.85 3.19 60 217 30.17 30.02

11 4.35 4.69 60 95 20.80 20.81

(g) Re-Entrant Hexagon II I 3.80 5.80 65 198 38.36 37.17
1l 4.80 7.30 65 152 30.87 29.76

11 5.80 8.30 65 100 25.55 25.33

(h) Rotachiral I 1.25 6.00 - 488 38.86 37.22
11 1.55 7.50 - 341 31.74 29.26

11 2.05 10.00 - 203 24.33 23.06

(i) Sinusoidal Ligaments I 3.00 1.00 - 434 45.35 46.15
1l 4.00 1.00 - 271 31.39 33.92

11 6.00 1.00 - 140 19.73 20.05

(j) Square Grids I 1.80 - - 238 34.52 36.73
1l 230 - - 157 27.21 28.72

11 3.10 - - 85 20.32 20.42

(k) SrCuBO I 3.50 - - 498 38.98 39.83

Il 5.00 - - 249 28.39 31.38

il 7.00 - - 113 20.80 23.68

(1) Tetrachiral I 1.30 5.00 - 341 30.74 28.23
Il 1.50 6.00 - 285 25.96 2334

11 2.00 8.00 - 148 20.09 17.15

(m) Sparse I 0.25 - - 45 70.66 69.13

1l 0.50 - - 37 54.94 53.02

11 0.75 - - 36 45.13 42.76

I\% 1.50 - - 27 29.88 27.71

\Y 3.00 - - 20 18.55 16.93

VI 6.00 - - 16 11.40 10.46
(s) Solid +45° S - - - 66 100.00 100.00?

Stratasys PEI Ultem filament’s density: 1.27 g/cm? [58].

Experimental measured wall-thickness ¢t = 0.5777 mm. See Section 4.1 for more details.

3 Experimental measured density of Solid +45° pattern: 1.1457 g/cm?>.

3.2. Compression testing

The specimens were tested in compression in the in-plane x and
y-directions, and the out-of-plane z-direction. For those symmetri-
cal cells, such as Antitetrachiral, Lozenge Grids, Rotachiral, Sinu-
soidal Ligaments, Square Grids, SrCuBO, Tetrachiral, and Sparse
patterns, only tests in x and z-directions were performed consider-
ing the equivalence of x and y-directions. Tests were conducted
using ZwickRoell Z030 equipment (30 kN). A 3D Digital Image Cor-
relation (DIC) was used to analyze full-field deformation. To create
the speckled pattern, samples were painted with an airbrush spray
gun with different tips. Microscopic analysis showed a highly con-
trasted, stochastic, and isotropic pattern, with an average black
mark ratio of 41.7% (see Fig. 3 r). Two Allied Vision Gig MAKO
G-507B cameras with APO-Xenoplan 1.4/23-0903 lenses were

employed to record the samples’ surface displacements. The set-
up’s calibration was performed with a GOM CP20/MV55x44 panel,
reporting a deviation of 0.024 pixels. The sequences were finally
post-processed with GOM Correlate Professional software using a
facet size of 19x19 pixels.

For the compression test, the ASTM C365 standard [59] was fol-
lowed with a crosshead rate of 3 mm/min, so that specimen failure
occurred during 3 and 6 min of testing, according to the standard
specification. The results of elastic modulus, first peak stress, and
energy absorption up to first peak load were reported for each test
direction. For stress calculations, the specimen’s nominal external
dimensions were considered. The Poisson’s ratios were determined
as the ratio between the two in-plane displacement components
using DIC extensometers placed at a quarter (10 mm) and three-
quarters (30 mm) of the specimen’s height.
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3.3. Finite element model

An Ansys FE implicit model was created to evaluate the elastic
performance of each cellular geometry numerically. The pattern
was directly imported in STEP format. Two rigid bodies were cre-
ated on the top and bottom faces to represent compression test
plates. Cellular geometries were meshed with 30 divisions in the
z-direction (building direction) and with an element’s size of
0.15 mm in the manufacturing plane. Higher-order 3D 20-node
solid element SOLID186 was used. As a model example, Fig. 2
depicts the mesh for the Antitetrachiral pattern with density level
L.

Displacements and rotations were restricted to fix the bottom
plate, while a 0.1 mm displacement was imposed on the upper
plate along the loading testing direction. Frictional contacts with
asymmetric behavior were defined between the cellular pattern
and the plates. According to PEI Ultem 1010 available datasheets
[60], the friction coefficient was set to 0.42. The Augmented
Lagrange formulation with a penetration tolerance of 0.1 mm
was activated, and ramped effects were permitted. The reaction
force was finally measured on the bottom surface to evaluate the
stiffness of the cellular pattern.

The properties of the cell walls’ material were adopted from a
previous comprehensive study [19] on the material PEI Ultem

‘e

X

Fig. 2. Boundary conditions and generated mesh example of the FE model
developed for the numerical simulation of the compression behavior of the cellular
solid patterns.

Table 2
PEI Ultem elastic properties and stress limits used on the FE model.
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9085, where tensile, flexural, and shear behaviors were determined
for different Solid and Sparse infill configurations. Main results of
the Solid +45¢° infill configuration are depicted in Table 2. In this
case, three scenarios were examined on the simulations: orthotro-
pic, quasi-isotropic and isotropic material. Since several authors
have demonstrated the elastic asymmetry of FFF printed parts
[61,62] due to the contribution of the filament bonds, the given
properties needed to be adapted to the compression behavior.
Hence, to reproduce the phenomenon of elastic asymmetry, the
Normal Stiffness Factor (FKN) was included in the contacts’ defini-
tion. FKN factors were calibrated from the Solid +45° cube (Fig. 1 s)
experimental results for the in-plane and the out-of-plane test,
obtaining values of 0.215 and 0.050, respectively. With these FKN
factor settings and defining the material with tensile and shear
properties, the FE model described the FFF asymmetric compres-
sion elastic behavior with an accuracy of 99% when compared to
the experimental results. The adjusted model was then used to
simulate all the cellular patterns studied in each of the test
directions.

The Sparse pattern was automatically created from a solid CAD
part in Insight software,. In other words, the detailed pattern
geometry was not available as in the other cells thus requiring a
different model approach. Accordingly, the Representative Volume
Element (RVE) method was adopted with homogeneous material
properties recalculated using the obtained analytical model, as
follows:

ES = ’1255 Ef =mE, Ef =nsE 17)

Ve =MV xy V=1V, V=MV, (18)
GSp 1,G xy Gsp '73Gsz Gy, = 113Gy, (19)
UST,x = 1,07, GT,y = ”llo'sry G;I,]Z =1,0%, (20)
0y :nlo'scx oy :’710'5 :”Ilasc.z (21)

Ty =MTy Tp=MT, Tp=MT, (22)
where the minoring factor 7, = Z is taken from Eq. 16, 1, = 2 :%

from Eq. 23, and 55 = E% from Eq. 24. Superscript *P states Sparse
properties, and superscript ° refers to the properties of the solid
material in £45° printing configuration evaluated with tensile and

shear tests (extracted from [19]).

4. Results and discussion
4.1. Microscopy analysis

4.1.1. Cell wall-thickness

The panel in Fig. 3 shows microscopic details of the intra-layer
joints of each manufactured cellular pattern, inter-layer defects,
and measurements of the thickness of the deposited filament.

Orthotropic Elasticity

Orthotropic Stress Limits

Property Symbol Iso. Q-Iso. Ortho. Property Symbol Iso. Q-Iso. Ortho.
Young’s Modulus x-direction (MPa) E, 2123 2121 2092 Tensile x-direction (MPa) [ 24.46 24.45 26.50
Young’s Modulus y-direction (MPa) E; 2123 2121 2150 Tensile y-direction (MPa) oty 24.46 24.45 22.40
Young’s Modulus z-direction (MPa) E; 2123 2126 2126 Tensile z-direction (MPa) 0%, 24.46 24.48 24.48
Poisson’s Ratio xy Viy 0.368 0.344 0.344 Compressive x-direction (MPa) [ —24.46 —24.45 —26.50
Poisson’s Ratio yz V2 0.368 0.392 0.392 Compressive y-direction (MPa) gty —24.46 —24.45 —22.40
Poisson’s Ratio xz Vi 0.368 0.392 0.392 Compressive z-direction (MPa) [ —24.46 —24.48 —24.48
Shear Modulus xy (MPa) Gf(y 704 630 630 Shear xy (MPa) Ty 25.86 25.72 25.72
Shear Modulus yz (MPa) G;Z 704 741 745 Shear yz (MPa) T, 25.86 25.93 27.37
Shear Modulus xz (MPa) G, 704 741 737 Shear xz (MPa) T, 25.86 2593 24.48
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Fig. 3. Microscopic detail of the intra-layer joints - Antitetrachiral (a), Circular (b), Hexachiral (c), Hexagon (d), Lozenge Grids (e), Re-Entrant Hexagon I (f), Re-Entrant
Hexagon II (g), Rotachiral (h), Sinusoidal Ligaments (i), Square Grids (j), StCuBO (k), Tetrachiral (I), Sparse in-plane (m) and out-of-plane (n-o), inter-layer defects (p),
measurements of the thickness of the filament (q), and DIC speckle pattern (r). Scale bar is 5 mm.

In Section 3.1, it is defined that the nominal cell wall-thickness t
was set to 0.508 mm for all configurations. This value is com-
manded by the FFF tip used (here T16 with a nozzle diameter of
0.016 in or 0.4064 mm), whose size conditions the slice height
(0.010 in or 0.254 mm) and the width of the extruded filament (ap-
proximately twice the height, i.e., 0.020 in or 0.508 mm). Neverthe-
less, as specified in Table 1, the value used for calculating the
relative density from the analytical Eq. 4-16 was t = 0.5777 mm
(£0.0110 mm). This value corresponds to the average result mea-
sured on the microscopic analysis of the cell walls of printed sam-
ples (see image q in Fig. 3).

4.1.2. Manufacturing defects

Apart from the irregular filaments’ thickness, the images in
Fig. 3 also show some discontinuities in the trajectories in both
the in-plane (intra-layer) and the out-of-plane (inter-layer) fila-
ment joints. Intra-layer joints are detailed in sub-figures a-m. As
can be noted, deposited rasters’ quality depends on the trajectories
required to create the patterns. In those cases where circumfer-
ences appear in the pattern’s cellular unit, the extruder head first
creates the circles and later connects them with the bars (see
Fig. 3 a, ¢, h, and I). As a result, the raster’s joint that closes each cir-
cumference is almost unnoticeable, while the finish of the connec-

tions between these circles and the toolpaths that link the different
cells is notably lower.

Defects in connections are more evident in some patterns
formed by rectilinear trajectories. In such cases, the requirements
to repeatedly pass over the same point to build the whole pattern
led to several material blobs (see Fig. 3 k). Besides, the abrupt
changes of direction of the nozzle or the end of the trajectory cre-
ate deficiencies in cell-cell bonding (see Fig. 3 d), which could
affect the mechanical performance. In contrast, the pattern’s qual-
ity is highly improved in those cases that take advantage of the
optimized toolpaths by reducing the amount of intra-layer unions
such as the Sparse (see Fig. 3 m).

When successive in-plane imperfections occur in the same loca-
tion for adjacent layers, an inter-layer defect appears, as shown in
Fig. 3 p. This discontinuity has proved to dramatically impact the
pattern’s mechanical behavior when tested in the in-plane
directions.

To prevent these inter-layer defects, it would be necessary to
have a different start of each layer’s path to avoid overlapping
seams and force each layer’s paths to be different. The last was
not an option available in the Insight 3D Printing Software, so
defects were not avoidable for these particular cell geometries. A
compromise solution would be to increase the wall-thickness or
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geometrically reinforce the joint, both of which would result in an
undesirable increase in relative density of the cellular solid.

4.1.3. Sparse infill

The case of the Sparse infill deserves special consideration.
Unlike the rest of the geometries in which the extruded filament
is deposited over the preceding layer’s filament, there is a 90° rota-
tion of the toolpaths between two adjacent layers in the Sparse
pattern when a raster angle of +45° is employed. This fact causes
inter-layer voids, as shown in Fig. 3 (n-o), whose magnitude
increases as the air gap grows. This phenomenon causes a weaken-
ing of the stiffness in the out-of-plane direction (z-direction), as
proved later, but essentially reduces the manufacturing time and
material consumption, as shown in the next section, thus becom-
ing an efficient solution for low-density infill.

4.2. Experimental analysis

4.2.1. Compressive behavior

Fig. 4 shows a representative example of load-displacement
curves for the three levels of density of the Hexachiral and Re-
Entrant Hexagon I patterns. The results presented were obtained
from compression testing along x-direction (see Fig. 1). The results
state a clear impact of both the pattern and the cell’s dimensions
on the mechanical behavior, as expected. In particular, the stiffness
and the first detected peak load results vary significantly between
the examined configurations.

Results obtained from the experimental compressive evaluation
of the manufactured cellular patterns are summarized in Table 3.
Elastic modulus values are given for the three orthogonal direc-
tions, and Poisson’s Ratios (v, and vyy), first peak stress and energy
absorption efficiency data acquired in the in-plane tests are pro-
vided. Poisson’s ratios are reported in the same strain range used
to calculate the elastic moduli (¢ = 0.1% — 0.3%). Nominal external

7000 T

6000
50007

40004

Load (N)

30004
2000+

1000

0 .
0 1 2 3 4

Displacement (mm)

— Hexachiral Re-Entrant Hexagon I

Fig. 4. Load-displacement curves for the three levels of density of the Hexachiral
and Re-Entrant Hexagon I patterns. Experimental results of relative density are
included.
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dimensions were used for the calculation of the engineering prop-
erties, and energy absorption efficiency was calculated by relating
the total amount of energy absorbed up to the first peak of load
with the material volume estimated in the Insight 3D Printing Soft-
ware. Finally, the adjusted coefficients B and C for the power-law
expressions (see Eq. 2-3) are included together with the corre-
sponding Coefficient of determination (R?) in Table 3.

On the one hand, compression testing results show a clear dif-
ference between the in-plane and the out-of-plane behavior. In
particular, the z-direction’s elastic moduli results exceed those in
the x and y orientations by one order of magnitude in most cases.
Moreover, the DIC post-process allowed detecting that the in-plane
tests’ failure of the patterns was initiated at the intra-layer joints
that arise from the FFF manufacturing toolpaths. Hence, as proved
in a previous work [19], the intra-layer unions are weakened
points that can limit the maximum reachable load.

On the other hand, the different density levels’ trends confirm
the effect of mass decrease on the mechanical properties of the cel-
lular solids. As can be gathered from the values in Table 3, both the
elastic modulus and the maximum load decrease with the density
of the pattern, as expected. However, the energy absorption effi-
ciency does not always follow the same trend. A clear example of
this is shown by the Sparse infill, where density level IV (air gap
1.50 mm) has delivered 2.28 times the energy efficiency of level I
(air gap 0.25 mm).

4.2.2. Mechanical performance versus manufacturing time

Results trends differ even more if the mechanical properties are
related to each sample’s printing time. It is considered a relevant
issue when contemplating manufacturing lightweight components
with cellular solid designs while preserving their feasibility from
the fabrication perspective. Fig. 5 and Fig. 6 depict the obtained
elastic modulus and energy absorption efficiency results versus
the manufacturing time of each pattern, respectively.

Data presented in Fig. 5 and Fig. 6 confirm a manufacturing
advantage of the Sparse over the rest of the infill patterns. As
shown, the optimization of the printing toolpaths of the Sparse
pattern reduces the time needed for their construction by at least
one order of magnitude. In addition, the results of elastic moduli
show a clear trend towards the solid cube result as the air gap
parameter decreases (see Table 1). It should be seen that the main
differences in the elastic modulus correspond to the E,. This is due
to the filaments’ arrangement between two adjacent layers, which
produces an inter-layer weakness, as observed in Fig. 3 (n-o).

It should be noted that the Sparse design simplifies the manu-
facturing trajectories compared to the other analyzed patterns.
The cellular pattern designs located on the right side of the graphs
required longer fabrication time since their cells were printed one
by one instead of using optimized toolpaths. Accordingly, including
these pattern designs with improved trajectories into the slicing
software would reduce the number of abrupt transitions of the
head direction as well as filament discontinuities. This fact would
also reduce the required time to manufacture most of the exam-
ined patterns and aid to the applicability of FFF cellular solids.

4.3. Finite element analysis

The Finite Element Analysis aimed to evaluate each cellular
geometry'’s elastic performance, addressing the effect of the mate-
rial model definition (orthotropic, quasi-isotropic, or isotropic) and
the cell wall-thickness.

4.3.1. Cell wall-thickness
Although the deposited filament’s thickness should be t = 0.508
mm according to the Insight 3D Printing Software preferences,



Table 3

Compressive experimental results of elastic modulus, first peak stress, energy absorption efficiency, and Poisson’s Ratio, of each cell pattern and density level tested. The results shown are average values with corresponding standard

deviations. B and C are the adjusted coefficients for power-law expressions.

Pattern Relative Elastic Modulus (MPa) 1st Peak Stress (MPa) Energy Abs. Efficiency Poisson’s Ratio Power-Law Adjusted Coefficients
density (%) (Jjem?)
Ey E, E, ol o W, w, Vy Vyx
(a) Antitetrachiral} 44.58 24+0 Sym. 88845 899 +244 Sym. 1011 £ 394 Sym. —1.081 + 0.001 Sym. 0.210 Sym. 0.226 Sym.
§ 25.32 4+0 484 +5 042 + 0.00 129 +2 —0.431 + 0.026 R?=99.8% R2=87.2%
16.60 2+0 350 +2 0.18 + 0.02 78 £ 19 —0.785 + 0.009
(b) Circular§ 47.64 348 + 19 274 + 38 882 + 63 18.02 + 1.07 15.58 + 0.38 1011 + 299 782 +29 0.324 + 0.007 0.298 + 0.010 2.696 2.099 0.370 0.332
’ 40.18 262 +23 209 + 55 842 £ 42 6.90 + 1.85 6.86 + 0.64 314 + 240 356 + 183 0.362 +0.009 0.198 + 0.002 R2-88.5% R2=90.1% R?=69.5% R%=75.6%
34.21 151 +3 101 £16 624 +£2 7.79+0.68 7.19+£0.61 697 £48 501 +75 0465+ 0.006 0.350+0.011
(c) Hexachirall. 38.61 101 +3 96+9 716 +64 3.86 +0.31 342 +0.25 234+35 204+ 56 —0.068 + 0.002 —0.188 + 0.001 1.370 1.284 0.134 0.123
§ 27.18 36+1 32+0 532417 149 +007 163 +£005 131+5 222+41 -0.130 £ 0.003 —0.219 + 0.005 R2=100.0% R%*=99.7% R?=95.0% R?=97.3%
21.81 19+2 14+0 457 +34 084 +0.06 076 +0.13 101 +18 104 +33 -0.531 £+ 0.001 —0.320 + 0.003
(d) Hexagong 25.25 36+2 Sym. 434+3 125+030 Sym. 138 +100 Sym.  0.823 + 0.015 Sym. 1.746 Sym. 0.110 Sym.
21.50 2341 390 £7 1.06 £ 0.10 170 + 28 0.672 + 0.002 R2=99.6% R2=87.6%
16.44 9+1 320+£3 035+ 0.02 45 £ 8 0.757 + 0.006
(e) LozengeGrids! 32.60 17+2  Sym. 593+10 135+000  Sym. 258 £28  Sym.  —0.007 + 0.002 Sym. 0.396 Sym. 0.063 Sym.
§ 24.76 941 480 + 12 0.56 + 0.02 168 + 21 —0.035 + 0.003 R?=97.1% R?=90.1%
20.90 5+0 394 + 0 0.37 +0.00 145 + 15 —0.021 + 0.007
(f) Re — EntrantHexagonl! 35.59 107+7 83+6 640+21 3.06+ 003 238+018 194+19 108 +25 —0.147 + 0.013 —0.110 + 0.003  1.871 1.469 0.125 0.101
§ 30.02 69+0 56+3 597 +23 1.92+005 1.66+009 144+8 105+2 -0.139 +£0.004 0251 £ 0.010 R2-99.0% R?=98.2% R®-94.3% R?=96.8%
20.81 17 £ 1 13 +£1 423 +£24 064 +0.07 057+002 76=+21 76 +3 —-0.132 + 0.016 —0.306 + 0.006
(2) Re — EntrantHexagonll} 37.17 14+1 81+1 705+0 096+001 226+000 108+5 144+1 -0334+0.001 —2.076 +0.010 0213 1.320 0.040 0.092
§ 29.76 7+£0 48+4 559+7 070+0.03 147+0.04 142+15 140+8 -0.264+0.006 —2.511 +0.008 R2-992% R?=70.9% R%*=96.1% R?=97.2%
25.33 5+0 42 +1 430+78 047 £0.06 1.19+0.05 102+29 126+ 10 —0.147 + 0.043 —-2.483 + 0.014
(h) Rotachirall 37.22 3344 Sym. 672425 2.02 + 0.20 Sym. 250+ 71  Sym. —0.080 % 0.002 Sym. 0.489 Sym. 0.076 Sym.
§ 29.26 14+1 547 £ 8 1.12 £ 0.07 156 + 22 ~0.020 + 0.007 R2=98.4% R2=95.5%
23.06 9+1 415 + 24 0.55 + 0.04 98 + 14 —0.024 + 0.003
(i) SinusoidalLigaments| 46.15 3246 Sym. 7934111087 £028  Sym.  3060+32 Sym. —0.029 + 0.019 Sym. 0.060 Sym. 0.094 Sym.
33.92 29+9 589 £ 7 3.10 £ 0.31 446 + 77 —0.116 + 0.040 R?=63.9% R?=59.5%
20.05 19+0 416 £10 1.13 £ 0.04 201 £5 —0.118 £ 0.028
) SquareGridsT. 36.73 5+1 Sym. 665 +9 2.71 + 043 Sym. 642 + 186 Sym. —0.105 + 0.031 Sym. 0.076 Sym. 0.108 Sym.
§ 28.72 240 515 + 31 1.49 + 0.22 431+ 75 —0.056 + 0.019 R?=98.3% R2=98.7%
20.42 1+0 443 +4 0.87 £ 0.08 312+ 3 —0.028 + 0.008
(k) SrCuBO; 39.83 203 +£13 Sym. 733 +37 6.72 +£1.30 Sym. 281 + 117 Sym. 0.223 + 0.004 Sym. 0.363 Sym. 0.083 Sym.
31.38 145 + 20 507 +5 4.90 + 0.80 369 + 26 0.200 + 0.002 R2=85.4% R2=74.5%
23.68 83+4 437 £ 6 2.06 +£0.20 172 £ 2 0.194 + 0.002
)} Tetrachiral§ 28.23 38+6 Sym. 577 +£6 1.80 + 0.07 Sym. 294 +3 Sym. 0.102 + 0.002 Sym. 1.352 Sym. 0.117 Sym.
2334 24+0 458 +7 1.06 + 0.08 194 + 10 0.056 + 0.003 R?=98.9% R?=94.9%
17.15 9+0 338 +8 0.47 + 0.02 147 +£1 0.039 + 0.001
(m) Sparseg 69.13 418 +3 Sym. 871423 1722+000  Sym. 727 +18  Sym.  0.614 + 0.067 Sym. 1.044 Sym. 0210 Sym.
53.02 228 +18 548 + 13 11.68 + 0.02 1425 + 57 0.151 + 0.042 R?=96.7% R?=97.6%
42.76 155+ 2 385 +3 7.89 +0.09 1270 + 8 0.268 + 0.030
27.71 46 £ 0 178 +1 2.89 +0.03 1663 + 50 1.031 + 0.113
16.93 101 43 +£0 0.79 + 0.02 937 + 77 0.814 + 0.077
10.46 3+0 34+1 0.13 £0.01 75 £ 10 1.327 + 0.101
(s) Solid 10000 1286+0 Sym. 1905+0  181¢ Sym. - Sym.  0.554 + 0.040 Sym. - - - -

T Auxetic cell pattern.
t Stretching-dominated pattern.
§ Bending-dominated pattern.

@ ASTM D695 Compressive Strength, Ultimate (Method 1, 0.05”/min) [63].

22194 "Y' PUD SDAD-ZaWwign D ‘DSLLIDD-5210] Y

p2v011 (220T) S1T uSisaq 43 S[DLIdIDIN



A. Forés-Garriga, G. Gomez-Gras and M.A. Pérez

10400 4 . 3
3 )
o 1004 5 <
£ o i
2 L R
e 3 [ ]
gt @ % »
10 ) < E
4 »
& ® D
144 » 3
I
1000 4 L J
>
P »
§ {? » 1
= 1003 1 o 3
= | i
g 1 = ¢ ® "0 ¢ '
o o’ 5 ®
10 » S ] £ 1
%
i L ] ]
1 " 1
: L J
10005+ o> i &ay 0 @ E
¢ {:C.' ),. .Q_ o 4 ]
F it
= 100 E
ol (LY
10 |
I + I "
10 100 1000

Time to manufacturing (min)

@ Antitetrachiral (B Circular @ Hexachiral Hexagon

Lozenge Grids Re-Entrant Hexagon 1 @  Re-Entrant Hexagon 11
(» Rotachiral @ Si idal Lig: ®  Square Grids

SrCuBO 0 Tetrachiral (B Sparsc @  Solid +435°

Fig. 5. Relation between the elastic modulus experimental results versus the
manufacturing time for each pattern. See Fig. 1 and Tables 1 and 3 for more detail.
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walls in the patterns’ CAD design must be widened to t = 0.60 mm
to generate the fabrication toolpaths correctly. Nevertheless, the
thickness measured on the microscopic analysis was t = 0.5777
mm. Hence, the three wall-thicknesses were assessed together
with the three material models to conclude their effect on the
mechanical behavior.

A total of 864 different models were simulated. Fig. 7 shows the
boxplot diagram depicting the deviation between the numerical
and experimental elastic modulus for each wall-thickness and
material model considered. As can be seen, the boxplot diagram
displays more widespread whiskers or a higher number of outliers
when the Isotropic model is used, regardless of the wall-thickness.
Besides, minor differences are observed when Quasi-Isotropic and
Orthotropic models are compared. Therefore, using the Quasi-
Isotropic model material allows simplifying the FFF material’s
model complexity without meaning noticeable variances regarding
the Orthotropic model results. The results also show that wall-
thickness plays a significant role in cellular solids’ stiffness, as
expected. Experimentally measured thickness {t=0.5777} mm
has achieved the highest accuracy in both the Quasi-Isotropic
and Orthotropic models. In particular, more than half of the
Quasi-Isotropic simulations exhibited less than 10% of deviation
when using the experimental t.

4.3.2. Compressive behavior

Table 4 compares the numerical, experimental, and analytical
results of the cellular solids’ stiffnesses in each of the three test
directions, as well as the in-plane first peak stress experimental
data. Numerical results were obtained considering the Quasi-
Isotropic model and a wall-thickness t = 0.5777 mm. The analytical
results in z-direction were calculated using Eq. 1 for each pattern
and density level, except for the Sparse infill, as explained in Sec-
tion 4.4. Power-law (Eq. 2 and Eq. 23) results are also included.
The agreement of the results enables the validation of the devel-
oped FE model and the analytical equations. The differences
observed between the experimental data and the estimated results
from the power-law expressions are attributed to the identified
manufacturing defects.

Fig. 8 (left) depicts a comparison between the simulated
deformed shape and the recorded images using DIC of Antitetrachi-

801

607

40+

20

-20

41—}~ e e s e T

Elastic Moduli Deviation (%)

-6
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Fig. 7. Boxplot diagrams depicting the deviation of the elastic moduli between the
FE model results and the experimental data for different material models and cell
wall-thickness.
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Table 4

Comparison of analytical, experimental and numerical results.

Pattern Relative density (%) Ex (MPa) E, (MPa) E, (MPa) oy (MPa) oy (MPa)
Power-Law Num. Exp. Power-Law Num. Exp. Analytical Num. Exp. Power-Law Exp. Power-Law Exp.
(a) Antitetrachiral}, 44.58 24 24 24+0 Sym. 877 801 888 £5 8.14 8.99 Sym.
§ 25.32 4 6 4+0 503 483 484 +5 2.63 0.42
16.60 1 3 2+0 357 363 350 + 2 1.13 0.18
(b) Circular§ 47.64 375 328 348 £ 19 292 284 274 + 38 858 815 882 + 63 15.20 18.02 13.64 15.58
40.18 225 233 262 + 23 175 204 209 + 55 709 679 842 + 42 10.82 6.90 9.70 6.86
34.21 139 119 151 +3 108 102 101 + 16 525 514 624 + 2 7.84 7.79 7.03 7.19
(c) Hexachiral. 38.61 101 132 101 +£3 95 100 96+ 9 779 711 716 + 64 3.61 3.86 3.32 3.42
§ 27.18 35 34 36+1 33 35 32+0 574 526 532 + 17 1.79 1.49 1.65 1.63
21.81 18 21 19+£2 17 15 14+0 449 411 457 + 34 1.15 0.84 1.06 0.76
(d) Hexagongg 25.25 36 47 36 +2 Sym. 502 471 434 +3 1.27 1.25 Sym.
' 21.50 22 30 23 +1 420 397 390 + 7 0.92 1.06
16.44 10 13 9+1 316 303 320+ 3 0.54 0.35
(e) LozengeGrids! 32.60 18 13 17 £ 2 Sym. 620 527 593 + 10 1.22 1.35 Sym.
§ 24.76 8 6 9+1 484 430 480 + 12 0.70 0.56
20.90 5 4 5+0 397 362 390+ 0 0.50 0.37
(f) Re — EntrantHexagonl! 35.59 108 116 107 +7 85 83 83+6 676 624 640 + 21 2.86 3.06 2.31 2.38
§ 30.02 65 67 69+ 0 51 56 56 +3 575 533 597 + 23 2.03 1.92 1.65 1.66
20.81 22 19 17 £1 17 15 13+1 396 375 423 + 24 0.98 0.64 0.79 0.57
(g) Re — EntrantHexagonlI, 37.17 14 13 14 +1 87 105 81 +1 731 658 705 + 0 1.00 0.96 2.31 2.26
§ 29.76 7 7 7+0 45 56 48 + 4 588 537 559 +7 0.64 0.70 1.48 1.47
25.33 4 5 5+0 28 36 42 +1 487 453 430 + 78 0.47 0.47 1.07 1.19
(h) Rotachiral} 37.22 32 29 33+4 Sym. 740 663 672 +£ 25 1.91 2.02 Sym.
§ 29.26 16 15 14+1 605 544 547 + 8 1.18 1.12
23.06 8 8 9+1 463 417 415 + 24 0.73 0.55
(i) SinusoidalLigamentﬂ 46.15 36 28 32+6 Sym. 864 762 793 £ 11 7.89 10.87 Sym.
33.92 26 25 29+9 598 552 589 + 7 5.80 3.10
20.05 15 19 19+0 376 365 416 + 10 343 1.13
(j) SquareGrids!. 36.73 5 4 5+1 Sym. 657 603 665 + 9 2.65 2.71 Sym.
§ 28.72 2 2 2+0 518 482 515 + 31 1.62 1.49
20.42 1 1 1+0 387 371 443 + 4 0.82 0.87
(k) SrCuBO; 39.83 186 218 203 + 13 Sym. 742 681 733 + 37 5.98 6.72 Sym.
31.38 146 138 145 + 20 541 492 507 £ 5 4.71 4.90
23.68 110 92 83+4 396 360 437 + 6 3.56 2.06
Q)] Tetrachiral§ 28.23 39 39 38+6 Sym. 585 548 577 + 6 1.68 1.80 Sym.
' 23.34 22 25 2440 494 468 458 +7 1.15 1.06
17.15 9 11 9+0 383 372 338 +8 0.62 0.47
(m) Sparse§ 69.13 444 503 418 +£3 Sym. 928 763 871 + 23 18.16 17.22 Sym.
53.02 200 251 228 +18 547 434 548 + 13 10.68 11.68
42.76 105 143 155 £ 2 361 282 385 +3 6.95 7.89
27.71 29 40 46 + 0 147 113 178 +£1 2.92 2.89
16.93 7 8 10+1 50 37 43 +0 1.09 0.79
10.46 2 1 3+0 15 11 34 +1 0.42 0.13
(s) Solid + 45° 100.00 - 1300 1286 + 0 Sym. - 1776 1905 + 0 - 181 Sym.

 Auxetic cell pattern.
i Stretching-dominated pattern.
§ Bending-dominated pattern.

@ ASTM D695 Compressive Strength, Ultimate (Method 1, 0.05"/min) [63].
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Fig. 8. Comparison of the experimental and numerical deformed shape sequences of the Antitetrachiral and Square Grids patterns (left). Deformed shape of each patterns
before the first load peak or any internal contact was detected (right). Colormap stands for Von Mises stress.
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ral and Square Grids as representative patterns at different strain
stages. The sequences correspond to the x-direction tests with den-
sity level IIl. The colormap corresponds to the Von Mises stress
results. This qualitative comparison shows a kinematic correspon-
dence between the numerical and experimental results, with a
marked auxetic behavior of both patterns. The numerical results
allow identifying the most stressed zones and the contact points
between the cell walls. Cross-sections of each analyzed pattern
are shown on the right side of Fig. 8. Results correspond to the
Von Misses stress before the first load peak, or any internal contact
was detected. As can be seen, the patterns’ deformed shapes are
mostly bending-dominated. It can also be seen that some geome-
tries display the maximum stress values at the joints of the unit
cells. The localized stress values should indicate the failure zone
of the material. However, experimental evidence has revealed that
failure occurs mainly at the cell joints due to weaknesses and the
reported manufacturing defects. In the experimental results of
maximum stress shown in Table 3, the highest values of specific
strength correspond to geometries as for example Circular, in
whose microscopic analysis no discontinuity is observed in the tra-
jectory of the filaments. This evidence highlights the importance of
reducing defects of intra-layer joints to prevent premature pattern
failure. So, once again, the importance of optimizing the printing
toolpaths is justified, as it would reduce the amount of intra-
layer manufacturing defects.

4.4. Verification of the numerical and analytical sparse infill model

The simple arrangement of the cell walls on the Sparse infill
allows the derivation of an analytical expression to determine
the relative elastic moduli in each of the test directions. Fig. 9 (left)
illustrates the unit cell of the Sparse infill with boundary condi-
tions corresponding to an in-plane compression test. Using an
approach based on standard beam bending theory, Eq. 23 was
derived to calculate the relative in-plane elastic moduli. E’ refers
to the elastic modulus of the solid material.

E, E 2t3
E. E,  a+3ta® +4at? +2¢3

(23)

The elastic modulus along z-direction deserved a different
approach. Inter-layer voids were identified in Fig. 3 (n-o0), which
weaken the stiffness in the out-of-plane direction. Accordingly,
the relative elastic modulus has been determined from the effective
load-bearing areas in the z-direction as depicted in Fig. 9 (right),
obtaining the following expression:

E, ¢
E  (a+ty?

(24)

The numerical and experimental results of the relative moduli for
each Sparse infill as a function of the air gap and the analytical
curves (Eq. 23 and 24) are plotted in Fig. 10 to assess the accuracy
of the analytical expressions’ prediction. The curve corresponding to
the analytical adjustment of the relative density (Eq. 16) and its

Fig. 9. Sparse pattern’s cellular unit with boundary conditions corresponding to an
in-plane compression test (left). Overlapping of two layers in the Sparse infill. The
red shaded area corresponds to the contact points between layers (right).
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Fig. 10. Numerical, experimental, and analytical results of the relative elastic
moduli and relative density of each Sparse pattern assessed in terms of the air gap.

experimental measurements are overlapped and represented on
the right-hand axis.

As can be seen, the results calculated using the provided analyt-
ical equation are in good agreement with the experimental values
obtained in both test directions. Furthermore, it should be noted
that the analytical expression (Eq. 24) diverges from the calcula-
tion of the out-of-plane relative elastic moduli of the other cellular
patterns presented in Section 2, which were obtained from a ratio
of its relative density (see Eq. 1).

4.5. Comparative overall performance of FFF cellular solids

The elastic moduli results given in Table 4 are now depicted in
the upper plot of Fig. 11 as a function of the relative density. The
experimental densities are used for data representation. Values
with diamonds correspond to numerical results, while circulars
are the experimental ones. The dark shaded area states the Sparse
samples’ spectrum, and the red-orange area corresponds to the rest
of the cellular solids. The black dots on the upper right-hand side of
the graph indicate the PEI Ultem material performance, corre-
sponding to the solid cell wall material properties.

Regarding the non-Sparse patterns, the results grouped at the
top of the graph are the stiffnesses of the cellular solids in the z-
direction, while the bottom data correspond to the x-y in-plane
elastic moduli. The duplicity of results for the same geometry
and relative density is due to the orthotropic behavior of some cell
patterns. Specifically, the values at the bottom correspond to the
cell’'s patterns with auxetic behavior. For a detailed identification
of the auxetic patterns, see Table 4.

Overall, the divergence of the results for equivalent relative
densities is evidence of the influence of the cellular pattern design.
The results clustered at the top are related to the relative density,
but the elastic z-modulus proves to be independent of the cell pat-
tern. These data particularly show a good adjustment with the line
plotted from the analytical Eq. 1.

Regarding the Sparse infill samples, results show a lower
scatter between in-plane and out-of-plane stiffnesses. As shown,
the elastic z-modulus of the Sparse infill is below the z-modulus
of the other cellular geometries, as expected, and its data fit
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Fig. 11. Material property chart including analytical, experimental and numerical results (top) and materials database diagram (bottom). Adapted from CES EduPack 2019,

ANSYS Granta © 2020 Granta Design, with permission.

accurately to the curve of the proposed Eq. 24 for the relative
stiffness calculation. In addition, the results achieved in experi-
ments along x and y-directions are also in agreement with the
Eq. 23 adjustment.

Lastly, to conclude the study, the stiffnesses obtained for each
cellular pattern are compared to other materials as a function of

14

its density in the bottom graph of Fig. 11. Ansys GRANTA EduPack
materials database is included for comparison. As can be seen, the
specific stiffness properties of the analyzed FFF cellular solids cover
a wide area that is comprised between foams, natural materials,
polymers, and elastomers. The stiffnesses of the cellular solids
are lower than those of the solid material, but both the geometry
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and the cell size prove to play a significant role, as was intended to
be demonstrated. The wide range of specific stiffnesses achieved is
thus evidence of the potentials of FFF lightweight cellular solids.

5. Conclusions

This paper presents comprehensive research of the FFF technol-
ogy’s possibilities to create cellular solids with a broad spectrum of
specific stiffness and strength, from the cell geometry and cell size,
while addressing manufacturing matters such as inherent defects
and manufacturing time. Thirteen typologies of two-dimensional
cellular patterns with different relative densities were investigated
and tested in compression in different directions, resulting in 42
different filling configurations.

The analytical approach has led to parametric equations to pre-
dict the relative density of each pattern, which have been success-
fully verified with experimental results. These expressions also
allow the calculation of the elastic modulus in the three mutually
perpendicular directions of the cells from the solid material
properties.

Microscopic analysis revealed different manufacturing defects
and highlighted the importance of optimizing filament trajectories.
Intra-layer defects occur in certain types of cell patterns depending
on their design, either due to defects in the connection of the cells
or due to excessive deposition of material at filament’s intersection
points. Inter-layer defects are due to weak cell wall connectivity
and dramatically impact the pattern’s mechanical behavior when
tested in the in-plane directions. To overcome these defects, it
would be necessary to customize layer by layer the configuration
of the filament trajectories and address its optimization.

The microscopic study also revealed the optimized arrangement
of the filaments in the Sparse infill pattern, creating intentional
inter-layer voids that essentially allow for a reduction in manufac-
turing time while maintaining satisfying mechanical properties,
thus becoming an efficient solution for achieving a low-density infill.

Compression test results have allowed conclusions to be drawn
regarding the influence of cell type and infill density on the
mechanical performance. As expected, stiffness and stress decrease
with the density of the pattern, but energy absorption efficiency
does not always follow the same trend, such as in the case of the
Sparse infill. Printing defects have also shown to have a critical
effect on the strength of the cell patterns. Moreover, the time-to-
print analysis has shown the competitive advantage of the Sparse
infill over the rest of the patterns, as it provides comparable stiff-
ness and strength properties with considerably shorter manufac-
turing times. This again highlights the relevance of optimizing
filament trajectories in the slicing software to contribute in the
application of FFF cellular solids.

The numerical study has provided a model for predicting the
compressive stiffness of the different patterns, which has been
validated with experimental results. The model can reproduce
the behavior in the elastic range, based on tensile specimen
properties and a Normal Stiffness Factor to account for the phe-
nomenon of elastic asymmetry of the FFF printed samples. The
study has evaluated the influence of the wall thickness and the
material model used. The results demonstrate the validity of
the hypothesis assuming a quasi-isotropic behavior of the cell
wall material.

Given the outstanding behavior of the Sparse infill, its elastic
performance has been deeply analyzed, obtaining analytical
expressions for the calculation of the elastic moduli in the three
perpendicular directions. The equations have been compared and
successfully validated with numerical and experimental results.
Regarding the stiffness in the out-of-plane direction, the prediction
model proposed departs from approaches based on relative stiff-
ness but shows a better correlation with experimental data.
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Finally, the extensive study has allowed a reliable comparison
of the elastic properties of the cellular patterns as a function of
their density. The wide range of results achieved is experimental
evidence of the potential of FFF lightweight cellular solids.
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