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Abstract

Purpose — Mechanical anisotropy associated with material extrusion additive manufacturing (AM) complicates the design of complex structures.
This study aims to focus on investigating the effects of design choices offered by material extrusion AM — namely, the choice of infill pattern — on
the structural performance and optimality of a given optimized topology. Elucidation of these effects provides evidence that using design tools that
incorporate anisotropic behavior is necessary for designing truly optimal structures for manufacturing via AM.

Design/methodology/approach — A benchmark topology optimization (TO) problem was solved for compliance minimization of a thick beam in
three-point bending and the resulting geometry was printed using fused filament fabrication. The optimized geometry was printed using a variety of
infill patterns and the strength, stiffness and failure behavior were analyzed and compared. The bending tests were accompanied by corresponding
elastic finite element analyzes (FEA) in ABAQUS. The FEA used the material properties obtained during tensile and shear testing to define
orthotropic composite plies and simulate individual printed layers in the physical specimens.

Findings — Experiments showed that stiffness varied by as much as 22% and failure load varied by as much as 426% between structures printed
with different infill patterns. The observed failure modes were also highly dependent on infill patterns with failure propagating along with printed
interfaces for all infill patterns that were consistent between layers. Elastic FEA using orthotropic composite plies was found to accurately predict the
stiffness of printed structures, but a simple maximum stress failure criterion was not sufficient to predict strength. Despite this, FE stress contours
proved beneficial in identifying the locations of failure in printed structures.

Originality/value — This study quantifies the effects of infill patterns in printed structures using a classic TO geometry. The results presented to
establish a benchmark that can be used to guide the development of emerging manufacturing-oriented TO protocols that incorporate directionally-
dependent, process-specific material properties.
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print paths that make up a given structure will be referred to as
the “infill pattern.” The specific choice of print path and infill
pattern can have profound implications for the performance of
the printed component due to anisotropy that may arise as a
result of the print path and the nature of material extrusion

1. Introduction

Material extrusion additive manufacturing (AM) processes,
such as fused filament fabrication (FFF), big area additive
manufacturing and direct-ink writing, build three-dimensional

(3D) components by depositing extruded filaments of material
from a nozzle mounted on a computer-controlled, multi-axis
motion stage. The path that the nozzle takes while depositing
material filaments — also known in the literature as “roads” or
“infill roads” —is referred to as a “print path.” For most printed
components, any given layer may be printed using a variety of
print path options (Agarwala ez al., 1996). The collection of

AM. For traditional polymer FFF processes, anisotropy is
primarily associated with a weak bond between successive
deposition print paths (Ahn er al., 2002; Bellini and Gtgeri,
2003; Sun er al.,, 2008), while material extrusion AM of
composite materials brings the added complexity that filler
materials partially or fully orient along the print direction
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(Calvert et al., 1997; Compton and Lewis, 2014; Duty
et al., 2017; Hmeidat et al., 2018; Peng er al., 1999; Pierson
et al., 2019; Shofner er al, 2003; Tekinalp er al., 2014;
Grejtak er al., 2020; Trigg er al., 2021). In this case, the
anisotropy in a printed composite component may be the
result of a combination of intrinsic material anisotropy and
extrinsic bonding-related anisotropy. Recently, Hmeidat
et al. (2020) reported mechanical anisotropy in printed
epoxy nanocomposites containing high-aspect-ratio filler
materials with varying nozzle size, print speed and print path
orientation. To mitigate or leverage the anisotropy inherent
in material extrusion AM, and to enable the application of
rigorous engineering principles to mechanical design for
material extrusion AM, it is necessary to develop a more
complete understanding of how print path, infill pattern and
associated anisotropy affects strength, stiffness and failure
modes in complex geometries, such as those resulting from
topology optimization (TO).

TO has emerged as a leading design tool to leverage the
freedom that AM processes afford compared to conventional
manufacturing methods (Liu ez al., 2018). TO is a method of
designing structures with the most efficient material distribution
for a given set of constraints, objectives and loading. TO often
yields designs that are geometrically complex and difficult or
impossible to manufacture with traditional machining or
casting. At the same time, there has been significant progress
made toward tailoring TO to address the characteristic
strengths and/or limitations of particular AM processes. For
example, TO and the design of support-free structures have
been investigated for two-dimensional applications by Leary
et al. (2014) and 3D applications by Langelaar (2016).
Minimum feature size and manufacturability constraints
were addressed by Lazarov er al. (2016) and Allaire ez al. (2016)
among many others (Liu ez al., 2018; Liu and Ma, 2016).
To include AM infill parameters and directionality in
manufacturing-oriented TO, Liu and Yu (2017) proposed a
concurrent level-set TO and deposition path planning protocol,
which was subsequently expanded for 3D applications with a
self-support constraint (Liu and To, 2017). Jiang er al. (2019)
proposed print path planning for AM with fiber-reinforced
composites and Wu ez al. (2017) created an infill optimization
protocol for porous AM structures. Cheng et al. (2017)
presented an optimization protocol for variable density AM
cellular structures, along with experimental validation. Gaynor
et al. (2014) used the multi-material capabilities of Polyjet 3D
printers to manufacture optimized three-phase compliant
mechanisms.

While there has been explosive growth in the development of
manufacturing-oriented TO, the benchmark experimental
quantification of the choice of discrete print paths on
performance-based quantities of interest, such as strength,
stiffness and failure modes, is lacking. Jiang ez al (2019)
experimentally measured the stiffness of composite polylactic
acid (PLA)/carbon fiber beams that were optimized for fiber
orientation. Yang et al. (2018) evaluated the effect of
stereolithography printing build direction on the stiffness of TO
designs. However, further research is required to characterize
the effect of print path on not only stiffness but also strength
and failure modes exhibited by FFF structures identified by

TO. These types of studies may inform better decisions about
if, when and how to capitalize on AM design freedom.

In this study, we consider a benchmark example of a beam
optimized for stiffness under three-point bending. The beam
structure is generated using T'O and printed using a variety of infill
pattern strategies to characterize the effects of print path on the
stiffness, strength and failure behavior in a complex beam
structure. The paper is organized as follows: In Section 2, we
present the TO method used to determine the optimized beam
design for this study; in Section 3, experimental and numerical
methods are outlined for the creation of the test specimens,
mechanical characterization (including tensile, shear and bending
tests) and finite element analysis (FEA); experimental and
numerical results are presented in Section 4, followed by analysis
and discussion in Section 5. Section 6 concludes the paper.

2. Topology optimization

TO is a method of determining the most efficient material
distribution within a design domain for a structure given the
objective function and a set of constraints (Bendsee and
Sigmund, 2004). This method has been applied to a wide
variety of applications, including but not limited to structural
compliance (Bendsege, 1989), heat conduction (Gersborg-
Hansen er al.,, 2006) and vibrations/dynamic response (Ma
et al., 1993). The principles of TO have been applied with a
variety of approaches, including homogenization (Bendsee and
Kikuchi, 1988), level set (Wang et al., 2003; Allaire er al.,
2004), density-based methods (Bendsee, 1989) and others
(Sigmund and Maute, 2013; Deaton and Grandhi, 2014).

Solid isotropic material with penalization (SIMP) is one of
the most widely used density-based approaches for TO. In
SIMP, a relative density is assigned to each element in a
discretized design domain. The element densities, p., which
vary from O (void) to 1 (solid material), are treated as design
variables in the optimization and are used to establish the
distribution of material within the structure. The material
properties within an element are assumed to be constant and
are determined as a function of the relative density of the
element raised to some penalization factor (here, p =3), which
serves to discourage the formation of elements with
intermediate densities.

This study focuses on a two-dimensional benchmark
structural compliance optimization problem for a beam under
three-point bending (Figure 1) (Bendsee and Sigmund, 2004),
using the 88-line code from Andreassen ez al. (2011). The 88-
line code is a standard educational instrument that is
recognized as a basis or benchmark for new developments in
the field of TO (Andreassen ez al., 2011). The problem for the
compliance minimization (C(p)) can be stated:

min

N
C(p)= UTKU = Pu,Tkou,
p (P) > e,

e=1
s.L. %<f;KU:F; 0<pn<p,<1
0

where K, U, F and p are the global stiffness matrix, nodal
displacement vector, force vector and density matrix, respectively;
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Figure 1 (a) Optimization results for the compliance minimization of a
beam under three-point bending. The design domain, referenced by the
dashed line, included 1,080 x 252 elements. The gray non-optimizable
tabs were defined explicitly to be solid to facilitate experimental setup,
as shown in (b)
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k., u, and p, are the element stiffness matrix, nodal displacement
vector and density, respectively; 1 is the volume of the design
domain; f is the target volume fraction; and p,; = 102 is the
minimum relative density.

In this optimization, the rectangular design domain was
discretized into 1,080 x 252 square elements. Rectangular tabs
of material (18 x 36 elements in size) were prescribed on the
outer boundary of the structure to facilitate support conditions.
The target volume fraction was defined as f= 0.4. The results of
this standard beam compliance problem (Figure 1) serve as the
basis for comparing the effects of printing decisions on
the actual performance and observed failure mechanisms in the
optimized geometry.

3. Methods

3.1 Sample fabrication

A computer-aided design (CAD) model of the optimized

geometry (Figure 1) was generated by transforming the density

field obtained by TO to an stereolithography (STL) file using a

MATLAB code (Liu and Tovar, 2014). The STL file was then

imported into SolidWorks 2018 for manual manipulation to

smooth some jagged edges within the optimized geometry. The

CAD model was then sliced using the open source software

Cura LulzBot Slicer, version 3.2.32 (www.lulzbot.com/cura)

using the following discrete infill patterns:

+  90° rectilinear pattern, in which all printed roads are laid
down orthogonal to the length of structure (Figure 2a).

« 0° rectilinear pattern, in which all printed roads are laid
down parallel to the length of the structure (Figure 2b).

+  0°/90° rectilinear pattern, in which the 0° rectilinear and 90°
rectilinear infill pattern alternate between layers (Figure 2c¢).

Figure 2 Sliced and printed optimal geometries with different discrete
infill patterns. Left: sliced geometry. Right: corresponding printed
surfaces. The CAD geometry (shown in red) is overlaid on the scanned
printed surfaces to evaluate geometric fidelity. The porosity because of
printing is shown in white in the right column

Infill pattern Sliced geometry Printed/CAD profile

90°
rectilinear

A
i

(b)

0°
rectilinear

0°/90°
rectilinear

concentric

0°/90°
rectilinear
+
2 shells

« Concentric pattern, in which all printed roads are laid
down parallel to the perimeter of the structure
(Figure 2d). All infill patterns used were available in the
printer settings.

All specimens in this study were additively manufactured using
a LulzBot TAZ 6 FFF printer (Aleph Objects, Inc., CO, USA)
with a 0.5 mm brass nozzle. The material used was acrylonitrile
butadiene styrene (ABS) (Chroma Strand Lab), with a filament
size of 2.85 mm. All specimens were printed under the same
print parameters that are summarized in Table 1.

The infill patterns (Figure 2) were first printed without
incorporation of shells (i.e. perimeters or walls). However, to
investigate how the use of shells affects the design’s structural
performance and geometric fidelity, additional samples using
only the 0°/90° rectilinear infill patterns were printed with two

Table 1 Print parameters

Print parameters Corresponding value

Bed temperature (°C) 110
Print-head temperature (°C) 245
Layer height (mm) 0.38
Filament spacing (mm) 0.5
Infill percentage (%) 100
Extrusion factor (%) 100
Wall print speed (mm/s) 30
Infill print speed (mm/s) 55
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(Figure 2¢) and four shells. All printed optimized geometries
had an average thickness of ~18.8mm (49 layers). As a
baseline for comparison, the optimized geometry was also
waterjet-cut from an ABS bulk sheet (McMaster-Carr,
Elmhurst, IL) of the same thickness as the printed designs.
However, it should be noted that the bulk sheet was made out
of a different ABS grade than the ABS filaments used for
printing. The weight measurements of all printed geometries
are summarized in Table 2. Figure 3 shows high magnification
optical micrographs of regions from the bulk (Figure 3a) and
printed (Figures 3 b—g) optimized structures.

The infill patterns used in this study were deliberately chosen
to encapsulate the conceptual extremes and more realistic,
practical infill patterns available. While uniform, rectilinear
infill patterns (such as the 0° and 90° rectilinear patterns) are
not commonly used, they are useful in clearly identifying some
useful insights that can be applied more broadly when making
design choices for AM. More practical infill patterns (i.e. 0°/90°
rectilinear and concentric) were included as well. Because these
infill patterns more closely reflect standard printing practices, it
is useful to investigate the effects of the inclusion of shells,
which is also fairly standard practice. 0°/90° rectilinear
specimens were, therefore, printed with and without shells (the
concentric infill pattern essentially already includes shells).

To evaluate the geometric fidelity of the printed optimized
geometries, the profile area associate with each sample was
measured and compared with the profile area of the original
CAD model. The profile area of the printed structures was
scanned using an optical scanner (Brother Industries, Ltd) and
the scans were then converted into black and white binary
images using the open source image processing software
Image¥, version 1.52a (available at: http://imagej.nih.gov/ij).

Tensile and shear specimens were waterjet-cut from 100 mm x
100mm x 3.2mm sheets that were printed using the same

Table 2 Infill pattern, geometric error and weight of printed optimized geometries

parameters given in Table 1. The dimensions of the tensile
specimens were selected according to American Society for
Testing and Materials (ASTM) D638 (Standard, 2010), using
type V and the shear specimens according to ASTM D5379
(Standard, 2005), using the V-notched beam method. The shear
specimens were waterjet-cut from the printed sheets in the form
of rectangular beams, and then were notched via machining. Two
material orientations were used for both types of test specimens.

In this study, coordinate systems will be referred to using the
following convention: the 1-3 coordinates refer to a local
coordinate system that corresponds to the material orientation
with 1 denoting the longitudinal direction (parallel to the
translation of the print head), 2 denoting the in-plane
transverse direction and 3 denoting the out-of-plane direction.
The x, y and 2z coordinates refer to a global coordinate system as
illustrated in Figure 4.

3.2 Mechanical characterization

All mechanical tests were conducted at ambient lab temperature.
The printed structures were tested in three-point bending on an
electromechanical load frame (Model 45, MTS Systems
Corporation, Eden Prairie, MN, USA) using a 10kN load cell
and a span-length of 150 mm, as illustrated in Figure 1b. A
crosshead speed of 0.9 mm/min was used. A time-lapse video
was recorded during the tests to analyze the progression of
failure events. For the bulk and each infill pattern used, three
optimized structures were tested in three-point bending.

The tensile tests were also conducted on the aforementioned
load frame and load cell. A head-rate of 1 mm/min was used
following ASTM D638 (Standard, 2010), resulting in a strain
rate of 0.0022 1/s. The shear tests were performed on a
servohydraulic load frame (858 Table Top System, MTS
Systems Corporation, Eden Prairie, MN, USA) using a 25 kKN
load cell and a crosshead speed of 2mm/min. A 3D digital

0°/90° 0°/90°
Infill pattern Bulk 90° rectilinear 0° rectilinear 0°/90° rectilinear Concentric two shells four shells
Geometric error (%) 3.2*0.10 8.1 +=0.08 8.2+0.63 7.9*0.09 4.4+0.42 3.8+0.58 4.9 +0.04
Weight (g) 46.6 +0.19 485 +0.19 483 +0.23 48.5+0.03 47.5+0.09 48.1 £0.0 48.0 + 0.06

Figure 3 High-magnification optical images of regions from the bulk and printed structures with different infill patterns

90° rectilinear

0° rectilinear 0°/90° rectilinear

concentric

+ 2 shells

0°/90° rectilinear
+ 4 shells
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Figure 4 Boundary and loading conditions for the one-quarter
numerical mode, using symmetry. Detail boxes show examples of the
different infill pattern cases

U=U,=0
6,=6,=6,=0

X - Symmetry

Z - Symmetry

Y
Sl

image correlation (DIC) system (Correlated Solutions, Inc)
was used during both tensile and shear tests to measure strain
fields. Poisson’s ratio was extracted from the tensile test results
by applying virtual strain gauges within the gauge-length of the
specimen (7.62mm), using VIC-2D software (Correlated
Solutions, Inc). One virtual gauge was used to measure strains
in the direction parallel to the applied load, and the other for
strains in the transverse direction. A minimum of five
specimens per material orientation was used for the tensile tests
and three specimens for the shear tests. The relevant Poisson’s
ratios are defined relative to the material orientations as follows:

where £, and &£,, are the normal strains and v; and v, are the
Poisson’s ratios. Subscripts refer to material orientations
(Section 3.1).

3.3 Finite element analysis

To aid interpretation of the three-point bending experiments
and rationalize the observed failure behaviors, quasi-static
structural simulations of the bending experiments were
conducted using the commercial finite element software
ABAQUS 2018 (SIMULIA, Providence, RI). For all
simulations, a 3D quarter-symmetry model shown in Figure 4
was used with nonlinear geometric effects included. The mesh
consisted of 23,058 solid hexahedral elements (based on the
results of a mesh sensitivity analysis). Cylindrical, analytical
rigid surfaces were used to represent the 5-mm-diameter steel
supports from the experimental setup (Figure 1b). The
analytical surfaces were placed in hard, frictionless contact with
the beam.

To approximate the effects of the discrete infill patterns in
the printed structures, appropriate in-plane orthotropic
elastic properties and material orientations were defined for
each infill pattern: 90° rectilinear, 0° rectilinear, 0°90°
rectilinear and concentric. The properties were defined based
on the testing outlined in Section 3.2 and refer to material
orientations defined at the end of Section 3.1. The
3-direction properties were assumed to be the same as the
properties in the 2-direction. In the 0° case, the 1-direction

was aligned with the x-axis and in the 90° case, it was aligned
with the y-axis (Figure 4). In the 0990° case, alternating
layers of 0°and 90° in-plane print paths were used to build the
structure. This case was modeled with the use of a composite
lay-up module in ABAQUS, with 49 alternating plies serving
to represent the alternating 49 layers in the printed
specimens. In the concentric case, the 1-direction remained
tangent to the perimeter, and thus, changed continuously
throughout the structure. To model this case, the material
orientation was discretely defined for each element to be
tangent to the closest perimeter edge, as illustrated in
Figure 5. Although this approach does not exactly match the
experimental concentric infill patterns, comparison to the
printed sample indicates that the numerical model broadly
captures the salient features of the experimental sample. A
simulation approximating the water-jet cut bulk ABS
geometry was conducted using the material properties
measured from the bulk ABS tensile and shear tests
(Table 3). Finally, two additional isotropic simulations were
performed using isotropic material properties representative
of the 1- and 2-directions, respectively. These simulations
were used to provide bounding behavior for the orthotropic
simulations, as well as providing a means of direct
comparison with the FEA simulations using the orthotropic
elastic properties of printed ABS and material orientations for
each printed infill pattern.

In the simulations, a load of 3 kN was applied to the loading
pin (also modeled with a rigid analytical surface). Output data
was recorded for fixed intervals of 30N to have sufficient
resolution for comparison with the experiments. From these
numerical results, values for the structural stiffness and
theoretical failure load were obtained. Failure in the elastic
simulations was assumed to occur once the direct stresses at
any location exceeded the tensile or shear strength, ¢,11,
O 22 O O 21, Tespectively, that was measured in the tensile
and shear tests (Section 3.2). The load at which this occurred in
the simulations was defined as the failure load for that case. In

Figure 5 (a) The actual printed concentric infill pattern. (b) The
concentric infill pattern illustrated for the first layer of half of the
optimized design
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Table 3 Tensile and shear properties of bulk and printed coupons

Test direction Ultimate strength (MPa) Young's modulus (GPa) Poisson’s ratio Shear strength (MPa) Shear modulus (GPa)
Bulk 26.8 = 3.1 1.82+0.04 0.36 = 0.01 273*28 0.79 = 0.01
1-direction 343+2.0 2.41 £0.08 0.36 = 0.01 27.3+0.6 0.82 =0.03
2-direction 173+£24 1.93 +0.06 0.25 £0.02 23.0:04 0.83 £0.04

the 0990° case, each ply in the structure was checked for
failure, using an average of the 1-direction and 2-direction
tensile ultimate strengths (Table 3) as the failure strength.

4. Results

4.1 Geometric fidelity

Figure 2 compares the sliced geometry (left-hand column) and
the profile of the printed geometries (middle column), along
with corresponding detail regions that show the infill pattern
within the physical specimens (right-hand column). Geometric
error is summarized in Table 2. All the infill patterns and the
bulk, water jet cut samples, resulted in printed geometries that
were larger than the source CAD model. The CAD profile area
is outlined in red in Figure 2. The 90° rectilinear, 0° rectilinear
and 0°/90° rectilinear cases result in a geometric error of ~8%,
while structures that use shells result in geometric error of
~4%. The bulk, waterjet-cut structure results in a geometric
error of 3.2%, indicating that the waterjet process has removed
less material than prescribed in the CAD model.

When shells are not included, the end of trajectories, where
the print head makes a U-turn, often pass beyond the targeted
printing domain specified in the CAD model, which results in a
larger printed profile area. This phenomenon is referred to as
the stair-stepping effect or discretization, which occurs
naturally as a result of stacking layers during printing, causing
visible “stair steps” or curved features (Gibson ez al., 2014).
This can be clearly observed in the detailed views given in
Figures 3b—d. When shells are present, they act as boundaries
that define the geometry and enclose the infill pattern, resulting
in a higher geometric fidelity. The shells are typically added to
improve accuracy and surface finish in printed parts (Gibson
etal.,2014).

In the case of the concentric infill pattern, large pores can
occur in the central region of the geometry where print paths
originating from opposing sides of the geometry meet. If the
central gap is smaller than the width of two additional print
paths, the gap will remain unfilled, leaving a large, high-aspect-
ratio pore. Examples of this phenomenon are visible in
Figures 2d and 3e.

4.2 Tensile and shear properties

Figures 6a—b show schematic illustrations of the test specimens
used for both tensile and shear tests, respectively.
Representative stress-strain plots of the tensile and shear tests
are shown in Figure 7 and the corresponding mechanical
properties are summarized in Table 3. The ultimate tensile
strength in the 1-direction is 34.3 = 2 MPa, and the ultimate
tensile strength in the 2-direction is 17.3 = 2.4 MPa (Figure
7a). The failure, in this case, occurs along the interface between
individual print paths with little inelastic deformation. The bulk

Figure 6 Schematic illustrations of (a) tensile specimens and (b) shear
specimens with different material orientations. (c) Tensile test setup
along with the speckle pattern used for DIC measurements, as well as
virtual strain gauges in both axial and transverse directions applied to
extract Poisson's ratio

(a)Tensile specimens

1-direction
2-direction
[T e T

(b) Shear specimens raneverseh}
12 strain gauge
% 2
. L.

sample exhibits an ultimate tensile strength of 26.8 = 3.1 MPa.
To calculate Poisson’s ratio, the axial and transverse strains
from the elastic region of deformation were extracted by DIC
during the tensile tests and plotted against each other (Figure
7b). Poisson’s ratio is then given by the slope of the resulting
line. Slopes were computed using linear regression (solid lines
in Figure 7b) and the calculated average Poisson’s ratios are
0.36 £ 0.01 and 0.25 = 0.02 for v, and v, respectively. The
Poisson’s ratio of the bulk sample is identical to v,. Schematic
illustrations of the printed tensile specimens are shown in
Figure 7a for 1-direction and two-direction specimens.

Figure 7c shows the shear response of the printed coupons
tested in two orthogonal material orientations. As expected, the
elastic response is identical, but differences arise with the onset of
large strains and inelastic deformation. When the interface
between print paths is oriented vertically from notch tip to notch
tip, failure propagates along the print path interface, leading to
complete failure at low shear strain. However, when the print path
interface is oriented horizontally, such interfacial failure is not
catastrophic and large inelastic shear strains can be supported.
The average ultimate shear strength values for this material are
27.3 = 0.6 and 23 = 0.4 MPa, for 7, and 7,;, respectively. The
average ultimate shear strength of the bulk sample is
27.3 = 2.8 MPa. Schematic illustrations of the printed shear
specimens are shown in Figure 7c¢ for Samples 12 and 21.

4.3 Printed structures

Representative experimental load-deflection curves of the
optimized structure with different infill patterns and the bulk case
are displayed in Figure 8. The 90° rectilinear pattern has the
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Figure 7 Representative plots of (a) engineering tensile stress versus engineering tensile strain, (b) axial versus transverse strain (absolute values)

measured from DIC during tensile testing to determine Poisson’s ratio and (c) engineering shear stress versus engineering shear strain
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poorest performance, with a stiffness of 0.89 = 0.03 kN/mm, and
an initial failure load of 0.95 = 0.12 kN, followed by a secondary
failure event at 0.92 * 0.14 kN (blue line in Figure 8). Similarly,
the 0° rectilinear pattern exhibits two failure events, but at higher
failure loads of 2.1 =0.31kN and 1.22*0.074kN for the
primary and secondary failure events, respectively (yellow line in
Figure 8). The 0° rectilinear pattern is also stiffer at
0.99 = 0.01 kN/mm. All other infill patterns and the bulk case,
fail in one single event at significantly higher loads. The
concentric pattern fails at 3.8 = 0.06 kKN (purple line in Figure 8),
followed by the 0°90° rectilinear pattern at 4.25 = 0.04 kKN
(green line in Figure 8). The stiffness of the 0°/90° rectilinear
pattern 0.98 = 0.01 kN/mm, while the concentric pattern is
stiffer at 1.07 = 0.01 kKN/mm. The bulk structure closely matches

Figure 8 Representative experimental load versus deflection
responses for the optimized geometries with various infill patterns

5
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—
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1F o
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©

the failure load and stiffness of the 0°/90° rectilinear pattern at
4.20 = 0.01 kN and 1.02 = 0.01 kKN/mm, respectively.

Representative experimental load-deflection curves of the
0°90° optimized structure with a varying number of shells (i.e.
perimeters) are displayed in Figure 9. It is observed that the
presence of shells increases the failure load to 4.7 = 0.13 kN
and 5.0 = 0.1 kN, for two and four shells, respectively. Stiffness
follows a similar trend with the presence of shells increasing the
stiffness of the 0°/90° rectilinear path from 0.98 = 0.01 kN/mm
to 1.08 = 0.00 kN/mm and 1.09 + 0.01 kKN/mm, for two and
four shells, respectively. The stiffness and failure loads for all
tested structures are summarized in Figures 10 and 11,
respectively, as well as in Table 4.

Figure 9 Representative experimental load versus deflection
responses for the 0°/90° optimized geometry with varying number of
shells (i.e. perimeters)
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Figure 12 shows representative structures after mechanical
testing. The region where failure occurred first is highlighted
by a red box. A waterjet-cut structure provides a baseline for
comparison of the various failure modes observed in the
printed structures (Figure 12a). Failure of the bulk structure
initiates at the bottom face just adjacent to the node where the
inclined truss members intersect the bottom members. Both
of the unidirectional infill patterns (Figures 12b—c), the 90°
and 0° rectilinear patterns, fail along the printed interface in
one of the inclined struts, while the 0°/90° rectilinear infill
patterns all fail at the same location as the bulk waterjet-cut
specimen (Figures 12d, f-g). The concentric infill pattern
(Figure 12e¢) fails along the bottom edge of the structure at
the location of the slicing-related internal pore. Failure then

Figure 10 Numerical and experimental comparison of structural
stiffness for the bulk and each infill pattern
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Figure 11 Numerical and experimental comparison of failure load for
the bulk and each infill pattern
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Table 4 Mechanical properties of optimized structures

propagates along the central printed interface to one of the
nodes of the structure.

4.4 Numerical results

Figures 10 and 11 show a comparison between the numerical
and experimental values of stiffness and failure load,
respectively, along with upper and lower numerical bounds
defining best-case and worst-case isotropic models. The
numerically-determined stiffnesses for each infill pattern
approximation are as follows, from lowest to highest: Bulk
(0.83 kN/mm), 90° rectilinear (0.92 kN/mm), 0°/90° rectilinear
(1.04kN/mm), 0° rectilinear (1.05kN/mm) and concentric
(1.08 kN/mm). The upper (best-case, in green) and lower
(worst-case, in orange) isotropic bounding cases resulted in
stiffness values of 1.10 kKN/mm and 0.87 kKN/mm, respectively.
Failure loads for each simulation were identified as follows,
from lowest to highest: 90° rectilinear (1.44kN), 0°90°
rectilinear (1.98 kN), Bulk (2.28 kN), 0° rectilinear (2.88 kN)
and concentric (2.88 kN). The isotropic best-case and worst-
case bounding cases were determined to have a failure load of
2.88 kN and 1.44 kN, respectively.

The calculated stress fields within the geometries were very
similar for all material property sets. Representative fields are
shown in Figures 13-14 for the isotropic best-case and 0°
rectilinear cases, respectively. The stress contours were taken
at the load increment at which failure was numerically
predicted to occur for each case, as shown in Figure 11.
Because failure was observed to occur in tension rather than
compression, the color scheme was chosen to highlight only
tensile stresses. The stress contours show the direct stresses in
the global coordinate system, normalized by the appropriate
directional ultimate strength, while the shear fields were all
normalized by the lower measured shear strength (721, =
23.0 MPa).

For all cases investigated by FEA, failure is predicted to
occur due to tensile stresses at the bottom face near the
intersection of the internal struts. In addition, shear stress is
relatively low, with the highest levels approaching 50%—-75% of
the ultimate shear strength near the intersection of the internal
struts. In general, 7,, = lfllr'l‘ih is significantly lower than
0 U’mh and only one of the internal struts in the half-beam
model experiences tension in the y-direction (blue and green
contours in Figures 13b and 14b). The principal stress
directions remain approximately tangent to the geometric
boundaries of the structure (Figures 13d and 14d) and very
closely match the concentric infill pattern (Figure 5).

Oxx =

5. Analysis and discussion

From the experimental results, it is clear that the choice of infill
pattern has a significant effect on the mechanical performance
of the printed structure. In particular, the measured stiffness of

0°/90° 0°/90°
Infill pattern Bulk 90° rectilinear 0° rectilinear 0°/90° rectilinear Concentric two shells four shells
Load (KN) 4.20 + 0.01 0.95+0.12 2.1 +0.31 4.25+0.04 3.8+0.06 4.7+0.13 5.0 0.1
Stiffness (KN/mm) 1.02 =0.01 0.89 +0.03 0.99 = 0.01 0.98 = 0.01 1.07 = 0.01 1.08 = 0.00 1.09 = 0.01




Infill patterns

Rapid Prototyping Journal

Nadim S. Hmeidat et al.

Figure 12 Optical photos of representative failed structures with
various infill patterns
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the optimized topology varied by as much as 20% without
incorporating shells and up to 22% when incorporating shells
(Figure 10). In comparison to stiffness, strength is significantly
more sensitive to infill pattern, where the experimental failure
load varied by as much as 347% between structures printed
with different infill patterns without incorporating shells and up
to 426% when incorporating shells (Figure 11). The measured
stiffness and failure load of these structures are highly
correlated to the variation in the mechanical properties between
material orientations (Table 3). Herein, the tensile strength,
Young’s modulus, Poisson’s ratio and shear strength of the 2-
direction specimens represented 50.44%, 80.1%, 69.44% and
84.25% of that of the 1-direction specimens, respectively. Such
mechanical anisotropy in printed ABS parts has been observed
in several studies. For example, Ahn ez al. (2002) observed
variations in the tensile and compressive strength of ABS
components printed with various raster angles (i.e. infill
patterns) and build directions. In addition, Ziemian ez al
(2012) reported anisotropy in the tensile, compressive, flexural,

impact and fatigue strength properties of printed ABS parts. In
their study, the tensile strength of specimens printed at raster
angles of 90°, 45° and +45°/—45° was found to be 56.23%,
61.45% and 74.09° of that of the 0° raster angle, respectively.
Similarly, the Young’s modulus was found at 74.80%, 75.09%
and 77.75% of that of the 0° raster specimens, for the raster
angles of 90°, 45° and +45°/—45°, respectively. Moreover,
Cantrell er al. (2017) reported a variation up to 33% in the
shear modulus and shear strength of printed ABS coupons with
various raster and build directions; however, they found a
negligible effect for the raster angle and build direction on both
Young’s modulus and Poisson’s ratio. Generally, the foregoing
studies attribute the reason behind this directional dependence
or anisotropy in the mechanical properties of FFF parts to
variations in the resulting mesostructure, voids-related
printing, orientation of molecular chains and interfacial
strength relative to the infill pattern (or raster orientation).

From the numerical results, the stiffness (Figure 10) was
reliably predicted using an orthotropic material model that
treats the printed layers of the structure as unidirectional
composite lamina. All numerical and experimental stiffness
values fell within the predicted bounds. The upper bound on
stiffness (representing the optimal or maximum isotropic
stiffness) was most closely approached by structures with print
paths that are aligned with the contours of the geometry, i.e. the
infill patterns with shells and the concentric infill patterns. This
correlation is related to the minimization of strain energy in the
structure, which is achieved by aligning the stiffest material
direction with the principal stress direction (Pedersen, 1989).
In addition, strength was not accurately predicted by the
simplistic maximum stress failure criteria applied to elastic
simulations (Figure 11). In the 90° and 0° rectilinear cases,
experimental failure loads are 34% and 27% lower than
numerical predictions, while in the remaining cases,
experimental strengths are significantly higher than numerical
predictions, including the isotropic best case prediction.

One potential reason for the observed discrepancies is the
fact that plasticity is not included in the numerical simulations,
even though considerable plasticity is observed in the tensile
specimens prior to failure along the print direction. We believe
this may be why the experimental strength is higher than the
numerically-predicted strength for the 0°/90° pattern, concentric
pattern and those patterns with shells. Additionally, our failure
criterion was rather simplified and did not consider local
ultimate strength as a function of local material orientation, but
instead considered only the directional and shear stresses in
comparison to the corresponding directional strengths. More
robust criteria exist in the literature. For example, Yao et al.
(2019) provide a Tsai-Hill protocol-based method of
predicting the ultimate tensile strength of printed PLA as a
function of printing angle. Each of these latter infill patterns
lacks a single dominant weak direction and have some
proportion of material-oriented such that the 1-direction is
aligned with the x-direction on the bottom edge of the
structure, where tensile stresses are highest. Printing settings
are another factor that may have a significant impact on the
observed ultimate strength of AM components. There is
literature discussing the optimization of printing parameters for
improving component strength. Spoerk ez al. (2017) presents a
parametric optimization of intra- and inter-layer cohesion for
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Figure 13 Comparison of failed experimental specimens with the best isotropic case
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extrusion-based AM PLA components in which the effects of
printing temperature, layer thickness and design and
rheological properties are evaluated.

In addition, because the tensile specimens were water-jet cut,
the effect of surface roughness or stair-stepping, is not reflected
in the transverse strength values used to identify failure in the
numerical simulations. The effective transverse strength in
the printed structures may be considerably lower, due to the
surface texture that results from printing (Figures 3b—d). As
the stair-stepping has a high stress concentration factor (Rodet
and Colton, 2003), the struts or the sections of the printed
structure that exhibit curved features (Figures 3b—d) can be
weaker than the rest of the structure under mechanical loading.
Therefore, premature failure would most likely initiate in these
regions, as observed for the 90° and 0° rectilinear cases
(Figures 11 and 12b-—c). Researchers in the field found that
decreasing the layer height or thickness can minimize the stair-
stepping effect; however, that cannot eliminate it (Ayrilmis,
2018). However, the utilization of multidirectional print
orientations within a single object was shown to reduce this
effect (Ding et al., 2016; Zhao et al., 2018). In our case, this can
be observed with the 0°/90° rectilinear path, in which an
improved mechanical behavior was achieved (Figure 8). In
addition, the incorporation of reinforcement shells around the
printed object act to reduce the stair-stepping effect and to
improve the mechanical performance by shifting the stress away
from the interfaces between layers (Kubalak ez al., 2018; Huang
and Singamneni, 2015). This was indeed the case for the 0°/90°
cases with shells (Figure 9). Although the concentric path can
be thought of as a structure with multiple reinforcement shells,
the associated stress-concentrating pores (Figures 5a and 12e)
at which the structure failed prematurely (Ahn ez al., 2002).
Place restrictions on achieving optimal performance with the
concentric pattern.

Despite the observed shortcomings in predicting the
strength, the elastic stress fields can be useful in rationalizing
the observed failure mechanisms in the printed structures
(Figures 13 and 14). For example, based on the FEA, we would
expect the 0°rectilinear pattern to fail in tension along the lower
edge of the structure, where the tensile stresses are highest and
we might expect the measured strength to be higher than the
predicted strength, based on the plasticity argument presented
above. However, the inclined strut where failure does occur
supports tensile stress in the 2-direction that is ~60% that of
the failure stress of the printed, water cut tensile specimens. We
anticipate that printed surface features could reduce the actual
failure stress to below 60% of the intrinsic strength in the 2-
direction.

Other design choices that could potentially affect the
performance of any printed topology include, but are not
limited to, layer thickness, air gap (i.e. spacing between roads),
infill density, nozzle temperature, infill print speed, plus others.
Researchers have experimentally investigated the effects of such
parameters on the mechanical anisotropy of printed FFF
components (Baptista et al, 2020; Turner er al., 2014;
Dominguez-Rodriguez et al., 2018). It is worth highlighting
that the design of optimal topologies can be further
complicated when fibers and/or other filler materials are
incorporated into the base polymeric material. Such
complications could arise from filler orientations relative to the

print path, fiber-matrix bonding, road-to-road adhesion and
resulting texture. These topics are the subject of ongoing
research.

6. Conclusions

In this work, we have investigated the effects of discrete infill
patterns on the strength, stiffness and failure modes of a 3D-
printed beam structure identified by TO for compliance
minimization. The choice of infill pattern was shown to be a
major factor in determining the mechanical behavior of the
optimized, printed topology, especially the strength and mode
of failure. Anisotropy inherent to printed ABS material, along
with print-related artifacts such as pores and surface roughness
contributed to variations in stiffness of the optimized topology
up to 22% and in failure load up to 426% between structures
printed with different infill patterns. The incorporation of
perimeters with rectilinear infill considerably improved the
mechanical performance of the printed topology and resulted in
a higher geometric fidelity.

In addition, we used elastic FE analyzes wherein individual
unidirectional printed layers were represented by orthotropic
composite plies with properties representative of the axial and
transverse properties of the printed material. Using this
approach, the stiffness of printed structures was well-predicted
by numerical simulations for a variety of infill pattern choices. A
straightforward maximum stress criterion was not sufficient to
predict the strength of the printed structures from the elastic
simulations.

This work highlights the need to pursue a deeper
understanding of the effects of the design choices that must be
made between the generation of an “optimal” design and the
realization of that design using material extrusion AM. The
results presented to establish a benchmark that can be used to
guide the development of emerging manufacturing-oriented
TO protocols that incorporate directionally-dependent,
process-specific material properties for AM of polymers,
composites and hybrid structures.
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