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GRAPHICAL ABSTRACT

Assessing maximum stiffness TO design strategies for
orthotropic materials printed via direct-ink write AM

Isotropic
0 TO; Substitute
Does simultaneous & align orthotropic
optimization of material with principal stress

orientation/topology. directions in post-processing
o . . lead to better
Optimize orientation & performance?

topology concurrently

Stiffness (kN/mm) Approach A Approach B
Numerical 1.31 1.28
Experimental 1.96 1.90

ABSTRACT

This article presents an analysis of simultaneous topology and orientation optimization based on a prin-
cipal stress method within the Solid Orthotropic Material with Penalization (SOMP) framework.
Numerical case studies were done to assess the expected benefits of including orientation in the design
process for minimum compliance structures under single load cases printed with orthotropic materials.
In particular, comparisons were made between structures designed with and without consideration of
orthotropic material orientations during the topology optimization (TO) process. Direct-Ink Writing
(DIW) additive manufacturing (AM) was used to print experimental specimens, which were tested in
bending to validate numerical results. The novelty of the work centers on the experimental evaluation
of the performance of optimized topologies designed with SOMP and manufactured via DIW.
Additionally, new knowledge is presented in the form of corresponding numerical and physical experi-
ments showing that with a principal-stress based material orientation updating scheme, equivalent per-
formance can be achieved with respect to compliance by 1) optimizing topology and orientation
concurrently with orthotropic material orientations controlled during TO using maximum in-plane prin-
cipal stress directions; or 2) optimizing topology assuming equivalent isotropic properties, and substitut-
ing the original orthotropic properties along principal stress orientations post-optimization. This
experimentally validated finding confirms that including orientation in the compliance-based design
framework for AM of structures with orthotropic materials is not advantageous. For single load cases,

0264-1275/© 2022 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.110647&domain=pdf
https://doi.org/10.1016/j.matdes.2022.110647
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:beb315@lehigh.edu
https://doi.org/10.1016/j.matdes.2022.110647
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes

B. Brown, N.S. Hmeidat, X. Jia et al.

Materials & Design 217 (2022) 110647

using the standard Solid Isotropic Material with Penalization (SIMP) method for design purposes and then
aligning material orientations with principal stress orientations after the design is produced is sufficient
for obtaining equivalent performance benefits.

© 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/).

1. Introduction

Topology optimization (TO) is continuing to exploit rapid
advances made in additive manufacturing (AM) technologies. In
particular, the complex and often organic-appearing shapes typi-
cally associated with optimized topologies are readily realizable
via AM. However, the variety of AM approaches available also
introduce their own challenges and features for the optimization
process. As a result, much research has gone into tailoring TO pro-
tocols for additive manufacturing. Self-supporting [1-7], minimum
feature size constraints [8,9], reduction of waste [10,11], optimiza-
tion of infill and/or interior lattice structure [12-15], are some of
the most critical aspects of TO for AM that have been widely inves-
tigated, among others [16].

An emerging trend in tailoring topology optimization for AM is
the consideration of the directionality of material properties. It has
been established that AM - specifically material extrusion AM -
results in anisotropic material properties. Moreover, inclusion of
reinforcing fibers in the material extrusion AM of polymers has
been shown to improve elastic properties, but with a strong depen-
dence on the orientation of the fibers [17,18]. Material anisotropy
has been shown to have a detrimental impact on TO when not
accounted for in the optimization process [19,20]. Hmeidat et al.
experimentally determined that print path resulted in a difference
of up to 22% in the compliance objective function for benchmark
optimized MBB beams printed in acrylonitrile butadiene styrene
(ABS) using standard Fused Filament Fabrication (FFF) printing
[19]. Chiu et al. reported that increasing the ratio of anisotropy
in a material or the AM build direction angle has a negative impact
on volume reduction achievable through TO [20]. Solid orthotropic
material with penalization (SOMP) - a variation of the widely pop-
ular solid isotropic material with penalization (SIMP) density-
based TO method - has been investigated as a potential framework
to develop topologies designed with optimal orientation for a given
orthotropic material [21-25]. Many approaches to updating local
material orientations have been examined. Some approaches for
minimum compliance problems include direct optimization of
the material orientation tensor [26,27] and optimization of weights
on a sum of compliance tensors [28]. For additively manufactured
composite materials, fiber orientations have also been optimized in
parallel with topology by treating local printing speed as a design
variable [29].

Another approach is based on the established principle that
orthotropic materials offer the highest stiffness when aligned with
principal strain or stress directions [30,31]. This can be taken
advantage of by including material orientation in the finite ele-
ment analysis (FEA) routine and simply updating orientation based
on local principal stresses/strains. This method has been employed
in a homogenization-based TO framework [32] and a bi-directional
evolutionary structural optimization (BESO) TO framework [33,34].
While these design tools have been studied widely through numer-
ical analysis, experimental validation of these emerging
approaches and tailored TO approaches has been less extensive.
In [35], Brooks and Moloney performed experimental analysis that
quantifies the increase in strength obtained by reinforcing AM
parts with reinforcing fibers aligned along paths informed by TO
and principal stress orientations by using unreinforced parts as a
point of comparison. Jiang et al. [21] showed that a SOMP/contin-

uous fiber angle optimization (CFAO) framework yields stiffer
structures when manufactured with contour-parallel deposition
paths in comparison to structures designed and printed with fixed
raster orientation angles of 0 and 90 degrees, respectively. Fernan-
des et al. [25] showed marked improvements in specific stiffness
over traditional composite laminates for benchmark minimum
compliance optimization problems as well as establishing the
manufacturability of parts designed with SOMP and print paths
planned using equally-spaced (EQS) or offset methods. Seifert
et al. [29] demonstrated that printing speed can be used as a design
variable controlling local orientation of fibers, and showed
improvement over cases with a fixed print speed. Yang et. al.
[36] showed the effect of build orientation on stiffness outcomes
for structures printed with Stereolithography (SLA) and Selective
Laser Melting (SLM).

Similar analysis has been performed on the subject of simulta-
neous versus sequential optimization of anisotropic material ori-
entations and topology. Nomura et. al. [26,27] presented
numerical case studies of sequential optimization (where they
optimized the density, i.e. topology, assuming isotropic material
properties and subsequently optimized the material orientation)
compared to concurrent optimization, where orientation and den-
sity were optimized simultaneously. These optimization schemes,
in contrast to the present work, were implemented directly on
the Cartesian coordinates of the material orientation vector and
tensor variables. For several single load case planar studies,
Nomura et al. showed that the performance was comparable for
both the concurrent and sequential optimization strategies (< 3%
difference), while for multi-load cases (where a main principal
stress direction can no longer be defined), they reported that con-
current optimization improved compliance performance by more
than 5% [26]. To the best of the authors’ knowledge, the current
manuscript presents the first combined numerical and experimen-
tal study focusing on assessing the benefits of simultaneous topol-
ogy/orientation optimization for orthotropic materials compared
to simpler strategies.

In particular, the contribution of this paper lies in clarifying -
from an experimentally validated perspective - what benefit is
obtained by considering orientation as a part of the single-load
case design process (for example, in the minimum compliance
design of AM structures) compared with simply aligning the print
path with the principal stress orientations in post processing steps
(i.e. to be concentric or approximately parallel with contours of the
structure) and without requiring a sequential/secondary orienta-
tion optimization. The present article is the first to directly address
this question. While in previous work, the performance of parts
with optimized fiber orientations has been compared to composite
laminates [29] and unidirectional prints [19,21], the current work
compares the performance of a topology with simultaneously opti-
mized fiber orientations/topology with a topology designed
assuming equivalent isotropic properties, and substituting the
original orthotropic properties along principal stress orientations
post-optimization. This method of comparison offers a one-to-
one analysis and allows for a stronger conclusion to be drawn
about the importance of considering orientation as an integral part
of the topology optimization process. Additionally, this article
expands on recent literature [19,21,25,29,35] illustrating and
quantifying the challenges of translating designs obtained through
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topology optimization to printed parts via AM. For example, realiz-
ing complex geometries often results in overfilling of regions
within the structure, which significantly impacts mechanical
behavior.

In designing for additive manufacturing with orthotropic mate-
rials through topology optimization, it is necessary to analyze how
design choices practically impact performance. While it is known
that aligning orthotropic materials along principal stress directions
yields the optimal stiffness (or minimum compliance), an impor-
tant question that remains is how the consideration of orientation
during the design process affects the printed topology and perfor-
mance. In other words, would similar benefits be physically
observed by simply aligning materials with the principal stress ori-
entation of the structure after the design has already been devel-
oped, or is it critically important to the printed structural
performance to consider orientation during the optimization? In
order to answer this question, it is necessary to isolate the effects
of topological changes for a particular materials system and print-
ing technique. This is achievable by making comparisons of topolo-
gies designed with and without consideration of orientation.
Numerical analysis of the performance of these topologies with
respect to the objective function (compliance) can yield insight
into the theoretical impact of the inclusion of orientation during
optimization. For example, previous purely numerical studies on
the stiffness-based optimization of topology and orientation distri-
butions for anisotropic composite materials have used cantilevers,
bridges, MBB beams, and other structures under single and multi-
load cases [26,27] to demonstrate that the concurrent optimization
is more beneficial for multi-load cases in planar design but yields
non-negligible (5.7%) benefits for both single and multi-load cases
when three-dimensional structures are examined [26]. However,
in this article, experimental insight and validation are provided
through a series of experiments using additively manufactured
versions of topologies optimized using contrasting approaches.
Two materials were selected for use in experiments: a carbon-
fiber (CF) reinforced epoxy ink (which exhibits orthotropic mate-
rial properties) and a fumed silica (FS) reinforced epoxy ink (which
exhibits nearly isotropic material properties).

In order to perform this analysis, an orthotropic finite element
based SOMP topology and orientation optimization code was con-
structed and numerical case studies were conducted along with
experimental evaluation. The TO framework is based on the exam-
ple codes provided in Andreassen et al. and Ferrari et al. [37,38],
along with finite element formulations for orthotropic materials
[39]. For a select group of topologies that were optimized for min-
imum compliance, specimens were 3D-printed with Direct-Ink
Writing (DIW) technology. Material characterization and flexural
bending experiments were performed on these printed specimens.

The paper is organized as follows: Section 2 outlines the meth-
ods utilized in the numerical calculations and Section 3 gives the
experimental set-up and procedures. Section 4 provides results of
the numerical parametric studies. In Section 5 experimental results
are presented: testing of DIW-produced topologies that were
designed with 2 different approaches that isolates the effect of
including orthotropic material orientations in the optimization
process. Section 6 presents discussion of results and Section 7 sum-
marizes relevant conclusions.

2. Numerical methods

TO is a powerful design method by which the optimal material
distribution and connectivity within a design domain can be deter-
mined for given objectives, loading and boundary conditions, as
well as constraints. It is a versatile tool that can be applied to a
wide variety of optimization problems. Additionally, the principles
of TO can be put into practice with a number of different
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approaches, including homogenization, level sets, Bi-directional
Evolutionary Structural Optimization (BESO), and Solid Isotropic
Material with Penalization (SIMP). SIMP has emerged as one of
the most commonly used TO protocols. While the standard SIMP
protocol relies on the assumption of isotropic material properties,
it is possible to extend SIMP to include orthotropic materials. This
is often referred to as the Solid Orthotropic Material with Penaliza-
tion (SOMP) method [21-24]. This framework is required in many
situations when orthotropic materials are being used. Many AM
processes produce materials with orthotropic material properties.
Specifically, polymer material extrusion AM processes, such as
Fused Filament Fabrication (FFF), Fused Deposition Modeling
(FDM), and Direct Ink Writing (DIW) have been shown to produce
materials with a significant degree of orthotropy [19,20,40-56].
Use of polymer material extrusion AM processes has become wide-
spread in both academic research and industrial applications
[57,58].

2.1. Problem formulation and solution schemes

As a case study, the commonly used benchmark example of
compliance minimization of a MBB beam is examined:

min  U'K(p(p(p)), 0)U (1)

st. K (ﬁ (;3 (p)),0> U=F
().

n 0<pmin<p§1' (2)

= Uf;
In the objective function (Eq. 1), K is the global stiffness matrix, p is
the design variable (relative density), p is the density after filtering,
p is the filtered, projected density, and U is the global displacement
vector. In the constraints (Eq. 2), F is the global force vector, vy is the
volume fraction, n is the number of elements, and p,,;, is the mini-

mum value for p (p,,;, = 107%). Fig. 1 represents the design domain
for half of the MBB beam (leveraging symmetry), where L is the
beam half-length, and H is the height. The boundary conditions
for the MBB beam are illustrated schematically at the top left corner
(applied load, F) and bottom right corner (support). Based on a mesh
convergence study (not shown) and resolution requirements for
experimental design, a global mesh size of 450 x 150 was adopted
for all results in this manuscript.

The first step in developing a SOMP framework to perform TO
on this benchmark problem, is to adopt an orthotropic FEA routine.
One method for developing the stiffness matrices required for this
FEA formulation is presented by Maki [39]. In the present work,
Maki's method was extended to account for an arbitrary local
material orientation 0 (Fig. 2). Fig. 2 provides reference for local
coordinates and orientation conventions for an element in the
FEA mesh, utilized in the study.

In the SIMP method [59], FEA is used to determine sensitivities
of the optimization objective function with respect to the design
variable p (relative density). The relative density takes on a value
0 < pnin < p < 1 for each element in the FEA mesh, where a value

e
> H=25 mm=150 elements

L=75 mm=450 elements

Fig. 1. Design domain and boundary conditions for half-symmetry MBB beam.
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Fig. 2. 4-node rectangular element used in FEA.

of 1 represents solid material and a value of 0 represents void. The
optimization process proceeds in an iterative manner until a con-
vergence criterion is met (typically when the maximum change
in relative density from the previous iteration falls below some
threshold or a maximum number of iterations is reached). After
convergence occurs, the relative densities of the mesh elements
represent a material distribution of the optimized topology.

It has been shown that a viable method for determining optimal
orientation for minimum compliance in orthotropic materials is to
find the maximum (absolute value) in-plane principal stress direc-
tion [30]. The optimal orientation aligns the “stronger” material
axis with the principal stress direction. An exception to this rule
is the class of materials with relatively high shear stiffness (com-
monly called “shear strong” materials) that can be affected by
the global repeated minimum problem [31]. If the material is not
“shear strong” and the principal stress direction represents the
optimal orientation, then:

0= 1 arctan (ﬂ

2 o1 — 0'22). 3

2.1.1. Solution schemes
To incorporate this concept in the SOMP framework for the pre-
sent study, material orientations are updated iteratively along with

SOMP/PS Orientation Approach

Define Problem

Initialize element densities p; = 0.5
forall i

' FEA (orthotropic properties)
Update 6;
FEA (orthotropic properties)

Sensitivity analysis and filter on p;

Update p;
Converge or iteration
limit exceeded?

4
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elemental densities (see Fig. 3, left). At this step, 0 will update to
align with the principal stress direction for each element in the
FEA mesh (modified if needed for “shear strong” materials). Intro-
ducing this updating of 0 necessitates inclusion of a second FEA cal-
culation prior to the sensitivity analysis. This additional step is
required because the objective function and sensitivities are
functions of the global displacement vector, U, which depends on
0 (Eq. 1, Fig. 1). By recalculating the global displacement vector U
after an orientation update (see Fig. 3, on the left), the sensitivities
will be accurate for the current orientation and density field. Here-
after, this method will be referred to as the SOMP/PS Orientation
Approach. It is readily apparent that the SOMP/PS method will be
more computationally expensive than the traditional SIMP
method, as additional calculations must be performed to optimize
the local material orientations at each optimization iteration.

An alternate way to take advantage of the knowledge that prin-
cipal stress-aligned orientations are optimal for compliance mini-
mization is to utilize the less computationally costly SIMP
Method, but augment it with a post-processing material alignment
step. The protocol for this proposed method is presented in Fig. 3
(right). Hereafter, this method will be referred to as the Modified
SIMP Approach. While this approach is less computationally costly,
it will not capture information about orientation while the topol-
ogy is being determined. It is therefore important to determine if
the Modified SIMP Approach yields less optimal designs than the
SOMP/PS Orientation Approach.

In this way, the SOMP/PS Orientation Approach and the Modi-
fied SIMP Approach are applied to the benchmark problem of the
minimum compliance design of an MBB Beam (Fig. 1). The stan-
dard Method of Moving Asymptotes (MMA) [60] is applied to
update the design variables in both the SOMP/PS Orientation
Approach and the Modified SIMP Approach. The weighted averag-
ing density filter from Andreassen et al. [37] is employed. This fil-
tering technique creates a smoothed density field p from the
unfiltered density field p by employing a weighted average of
the densities of adjacent elements within a certain radius. This
filter provides an indirect measure of control over minimum
feature size in the optimized topology as well as eliminates issues
with mesh dependency and “checkerboarding” issues [59].

Modified SIMP Approach

Define Problem

Initialize element densities p; = 0.5
forall i

FEA (isotropic properties)

Sensitivity analysis and filter on p;

Update p;
Converge or iteration
limit exceeded?

Post processing: Substitute new material

properties along PS orientations

Fig. 3. Flow chart for SOMP/PS Orientation Approach (left) and Modified SIMP approach (right). Note that the subscript i refers to the i’ element.
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In conjunction with this filter, a modified Heaviside projection fil-
ter [61] is used to push intermediate density values towards 0 or 1,
creating a black and white design which clearly delineates material
and void regions. The function governing this projection is:

= _ tanh(pn) + tanh(B(p — 1))
" tanh(pn) + tanh(p(1 — 1))’

(4)

where p is the filtered density field and p is the filtered, projected
density field, and 8 and 7 are parameters that control the sharpness
and threshold of the projection, respectively [61]. The standard
MMA algorithm [31,60] is augmented with the suggested changes
provided by Guest et al. [62], which prevent oscillations and poten-
tial convergence issues associated with using a high value of g from
the beginning of the optimization. According to Guest et al. [62], B
can be assigned a constant, high value (8 > 20). For the present
work, 8 =40 was chosen. Additionally, a value of #=0.5 was
selected and density variable p was uniformly initialized to coincide
with the chosen value of # (Fig. 3). Finally, a fixed stopping criteria
of 500 iterations was employed.

Material properties for the TO calculations were chosen to cor-
respond with materials selected for the printing of experimental
specimens - specifically, CF reinforced epoxy ink (which exhibits
orthotropic material properties) and a FS reinforced epoxy ink
(which exhibits nearly isotropic material properties). Comparisons
were made with respect to minimum compliance (i.e. maximum
stiffness) of structures designed with the SOMP/PS Orientation
Approach and the Modified SIMP Approach, respectively. Specifi-
cally, a topology was designed using the Modified SIMP Approach
with effectively isotropic material properties determined accord-
ing to classical laminate theory. In particular, oriented plies made
of carbon-fiber (CF) reinforced epoxy, with a [0,60,-60]s layup.
(Note that a composite lay-up of [0/90/+45/—45]s could also have
been chosen with identical resulting properties.) These isotropic
properties are only used for the determination of the topology dur-
ing the Modified SIMP optimization. The final calculation of stiff-
ness for the numerical design (i.e. stiffness prediction) is
performed in a post-processing step. Given the final optimal topol-
ogy, the appropriate material properties (corresponding to either
the CF reinforced epoxy or fumed silica (FS) reinforced epoxy)
are substituted and the corresponding stiffness is determined. A
second topology was designed using the SOMP/PS Orientation
Approach and assuming the properties of the CF reinforced epoxy.
Additional post-processing calculations of stiffness based on this
final topology and orientation layout were made using the FS rein-
forced epoxy properties, for comparison. The results are presented
in Section 4.

Because the Modified SIMP Approach is augmented with a post-
optimization alignment of reinforced material with the maximum
in-plane principal stress directions of the structure, the compar-
ison with the SOMP/PS Orientation designed structure is direct in
that the structures have the same material properties and orienta-
tion convention. However, the topologies are different due to the
update of orthotropic material orientation during the design in
the case of the SOMP/PS Orientation designed structure. This,
therefore, provides a means by which to numerically quantify the
difference in compliance provided by the differences in topology
following related prior studies such as Nomura et. al. [27,26].
Again, the goal of the numerical predictions here is to make them
specific to the materials systems and additive manufacturing tech-
nology of interest, to allow for detailed evaluation.

A numerical parametric study was also performed, based on the
baseline CF reinforced epoxy, with varying degrees of directional
dependence of the elastic stiffness (i.e. E;;/E11). Comparing the
SOMP/PS Orientation Approach and Modified SIMP Approach
designed structures with varying E,,/E;; ratios provides insight
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into whether consideration of orthotropy is more or less significant
for different classes of materials. Some additional parameters -
including volume fraction and shear modulus - were also investi-
gated to determine their impact on the optimal topologies and
stiffness for the SOMP/PS Orientation Approach and Modified SIMP
Approach designed beams.

3. Experimental methods
3.1. DIW ink formulation

Epoxy-based inks were prepared for DIW. Two inks were for-
mulated by adding filler materials that possess both anisotropic
and isotropic morphologies (see Table 1). The first ink was formu-
lated by initially mixing 5 g of DICY (Dicyanex 1400B, Evonik
Industries AG, Essen, Germany) into 100 g of epoxy resin (Epon
826 Hexion Inc., Columbus, OH) using a centrifugal planetary
SpeedMixer (FlackTeck, Inc., Landrun, SC) at 1800 rpm for 2 min.
Next, 15 g (7.6 vol%; 11.4 wt%) of PAN-based chopped carbon fibers
(CF) (AS4/BR102, Hexcel CO., Stamford, CT) were added and mixed
for a total period of 12 min at 2000 rpm. The mixing period was
divided into 3 min intervals. Each interval was followed by a rest
period of 10 min to allow the ink and mixer to cool down. Next,
10 g (5.8 vol%; 7.6 wt%) of nanoclay (Garamite 7305, BYK Chemie
GmbH, Wesel, Germany) was added in two steps. For each step,
5 g nanoclay was added and mixed at 2000 rpm for 3 min, followed
by a rest period of 10 min. Next, the sides of the mixing container
were scraped with a spatula, followed by another 3 min of mixing
at 2000 rpm. Finally, 2 g (2.2 vol%; 1.5 wt%) of reactive diluent
(EPODIL 748, Evonik Industries AG, Essen, Germany) was added
to the final mixture and mixed at 2000 rpm for 2 min, to enable
ease of extrusion. The final ink is referred to as the CF ink. The sec-
ond ink was formulated by adding 11.65 g (5.6 vol%; 10 wt%) of iso-
tropic fumed-silica (FS) (Cab-o-sil TS-720, Cabot Corporation,
Alpharetta, GA) into the initial epoxy resin (100 g) and DICY (5 g)
mixture. The amount of FS was added in two increments where
the first half is added and mixed for 2 min at 1800 rpm and mixed
again using the same parameters after adding the other half of FS.
Finally, the sides of the mixing container were scraped with a spat-
ula and the formulation was mixed for an additional 2 min at
1800 rpm. This ink is refereed to as the FS ink. All mixing steps
were conducted under vacuum of 0.1 atm. The DICY is used in
the inks as the latent curing agent for the epoxy resin, while the
use of nanoclay or fumed silica is to impose sufficient shear thin-
ning and yield stress behaviors that are critical for successful
DIW 3D-printing [40,47,51-53,56,63,64]. The properties of the
ink constituents are listed in Table 1.

3.2. 3D-printed composite specimens

After mixing, the resulting inks were loaded into 30 cc syringe
barrels (Nordson EFD, Westlake, OH) using a spatula and

Table 1
Properties and morphology of ink constituents.
Material Morphology Density (g/
cm?)
Epon 826 Liquid 1.16
DICY < 10 um powder 1.40
CF 7.1-um-diameter rods, 6 mm initial length 1.79
Nanoclay ~ 6 um agglomerated platelets 1.60
Fumed ~ 5-50 nm agglomerated spheroidal 2.2
silica nanoparticles
EPODIL Liquid 0.86
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centrifuged at 3900 rpm for 8 min using a Sorvall ST-8 Centrifuge
(ThermoFisher Scientific, Waltham, MA) to get rid of any air bub-
bles that may have been introduced during the loading process, fol-
lowing [40,47,49]. The loaded syringe was then mounted on a 3-
axis motion stage (Shopbot Tools, Inc, Durham, NC) equipped with
a pneumatic extrusion system. Test samples were printed onto
substrates covered with polytetrafluoroethylene (PTFE) coated alu-
minum foil (Bytac, Saint-Gobain Performance Plastics, Worcester,
MA). A tapered metal luer-lock nozzle tip (S-type, GPD, Grand Junc-
tion, CO) with outlet diameter of 0.864 mm was used for deposi-
tion. All test samples were printed at a print speed of 20 mm/s
using 50 psi extrusion pressure. The layer height and spacing
between roads were set at 0.518 mm and 0.734 mm, respectively.
The DIW process is illustrated schematically in Fig. 4a.

Rectangular flexural and shear test specimens were printed
using two different print paths: (1) the longitudinal print path, in
which printed roads were oriented parallel to the length of the
specimen, and (2) the transverse print path, in which printed roads
were oriented transverse to the length of the specimen. Print paths
were programmed in g-code using Scilab software (Scilab Enter-
prises, Institut National de Recherche en Informatique et en
Automatique, France). Following the printing process, all speci-
mens were cured at 140°C for 24 h, followed by 2 h at 220°C.
The printed flexural specimens had nominal dimensions of
65 mm x 12.7 mm x 3.2 mm following ASTM D790 [65], and shear
specimens had nominal dimensions of 76 mm x 19 mm x 3 mm,
following ASTM D5379 [66]. Edges of the printed specimens were
ground smooth prior to testing. The v-notch was applied to the
printed shear specimens via machining.

Topologically optimized structures were printed using both the
CF and FS inks (Fig. 5). The structures were initially generated
using the numerical optimization program to produce one half of
the MBB flexural beams. Portable network graphic image files of
the MBB beams were subsequently imported into a SolidWorks
part file (Dassault Systemes, Vélizy-Villacoublay, France). The

@
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Fig. 4. (a) Schematic illustration of DIW of fiber composites, and (b) 3-point
bending test setup.
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images were then outlined using the internal add-on for Solid-
Works called autotrace that enables an automatic sketch genera-
tion using the grey-scale pixelated images of the beams. Traced
images for both the “isotropic topology” (topology designed with
the Modified SIMP Approach for the FS reinforced epoxy) and
“orthotropc topology” (topology/orientation designed with the
SOMP/PS Orientation Approach for the CF reinforced epoxy) were
then mirrored along their roller support edge and extruded to
the desired thickness. The final testing geometry was 150 mm x
40 mm x 15 mm. Each 3D beam was exported as an Stereolithog-
raphy (STL) format file. The STL is then sliced or interpreted as g-
code using the open-source printing software Ultimaker Cura 4.7
(Ultimaker, Utrecht, Netherlands). The chosen slicing algorithm
results in a concentric print path, which is known to correspond
well with the principal stress field used for the numerical design
of the reinforced material directions. Optical micrographs of
printed specimens were recorded using a VHX-5000 digital micro-
scope (Keyence Corporation of America, Itasca, IL).

3.3. Mechanical characterization

All mechanical tests were performed at ambient temperature
(~ 21°C). The printed CF and FS flexural specimens were tested
in three-point configuration on an electromechanical load frame
(Model 45, MTS Systems Corporation, Eden Prairie, MN, USA) using
a load cell capacity of 10 kN, a span-length of 50 mm, and a cross-
head speed of 1.3 mm/min for all tested specimens. Flexural prop-
erties are given in Tables 2 and 3 for both CF- and FS-based mate-
rials, respectively.

The topologically optimized, 3D-printed structures were tested
in three-point bending on the aforementioned load frame and load
cell. A support span of 145 mm (see Fig. 4b) and a cross-head speed
of 1 mm/min were used for all printed structures. For each topol-
ogy, three structures were 3D-printed and tested, and the load-de-
flection curves were recorded (Fig. 6 and Table 4).

In-plane shear tests were conducted on the v-notched printed
shear specimens on a servohydraulic load frame (858 Table Top
System, MTS Systems Corporation, Eden Prairie, MN, USA) using
a 25 kN load cell and a cross-head speed of 2 mm/min. A 3D digital
image correlation (DIC) system (Correlated Solutions, Inc) was
used during the shear tests to measure shear strains.

The major Poisson’s ratio of the CF printed composite, v, was
calculated using the Rule-of-Mixture (ROM) correlation:

Viz = Vivigr + Vv (5)

where V is the volume fraction of the CF (0.076), vy is the major
Poisson’s ratio of the CF (0.2), V,, is the volume fraction of the
matrix, and v, is the Poisson’s ratio of the matrix (0.347). With
these values, vi; = 0.335 (Table 2). The FS epoxy ink is assumed
to have the same Poisson’s ratio as the epoxy matrix [67] (Table 3).

4. Numerical results

Before identifying optimal topologies to print and test and com-
paring numerical and experimental results, a number of parame-
ters needed to be set and determined. For the following, a mesh
size of 450 x 150 for the 3 : 1 aspect ratio half-beam (Fig. 1) was
used. This choice was informed by a numerical sensitivity study
(not shown) and the criteria that the resulting geometry be smooth
enough to print. In addition, a filter radius of 15 was adopted, also
based on a sensitivity study (not shown). All optimizations were
stopped after 500 iterations. Below, further detail regarding the
influence of shear modulus, degree of orthotropy, and volume frac-
tion parameters on predicted stiffness is given. These parameter
and property studies will provide context and insight for later
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Fig. 5. Optical images of representative 3D printed topologically optimized geometries before testing: (a) FS “isotropic topology”, (b) FS “orthotropic topology”, (c) CF
“isotropic topology”, and (d) CF “orthotropic topology”. (e - g) High-magnification optical micrographs for the regions highlighted by red boxes in (d), and red arrows indicate
the translation direction of the deposition nozzle.

Table 2
Mechanical properties of 3D printed CF reinforced epoxy coupons.
Test Flexure strength Flexure modulus (E;1,E52) Shear strength Shear modulus (G;,G;) Poisson’s ratio (vy, vz1)
direction (MPa) (GPa) (MPa) (GPa)
1-direction 177.82 + 3.65 10.1 + 043 53.82 +3.30 2.11 £ 0.27 0.335 (v12)
2-direction 61.10 + 11.7 3.71 + 0.29 38.83 + 4.31 1.43 + 0.034 0.123 (vo1)
Table 3

Mechanical properties of 3D printed FS reinforced epoxy coupons. Poisson’s ratio v is assumed to be equivalent to the epoxy matrix value. *Shear modulus is approximated based
on the analytical expression for an isotropic material, G = E/(2(1 + v)), where E is reported in the table as Flexure modulus.

Test Flexure strength Flexure modulus (E) Shear strength Shear modulus (G) Poisson’s ratio (v)
direction (MPa) (GPa) (MPa) (GPa)
1-direction 109.2 + 2.98 3.13 £ 0.07 N/A 1.17* 0.35
2-direction 110.6 + 3.76 3.17 + 0.06 N/A N/A 0.35

discussion of results. As it was expected that the SOMP/PS Orienta-
tion Approach designed topology would have more complex fea-
tures, the studies below were performed using this approach

orthotropic topology with CF reinforced epoxy material properties (Table 2).
— — —isotropic topology

4.1. Variation of shear modulus

The SOMP/PS Orientation Approach is expected to lead to the
elastic moduli having an outsized impact on stiffness because of
the elimination of shear stress in the principal stress configuration.
As a result, the key numerical analysis below is focused on the elas-
tic moduli - specifically, the relative magnitude of the elastic mod-
uli E;; and Eq;. However, it is important to verify that the impact of
varying shear modulus (G;,) does not have a large contribution in
changing topology and stiffness. This is especially true given that it
is known that orientation of carbon fibers in reinforced polymers

25 . 4 has an impact on measured in-plane shear modulus ([68]). To ver-

Deflection (mm) ify this, a numerical analysis was done in which 1-direction shear

modulus Gy, was varied by 4+-2 GPa between the values of 0.11 GPa

Fig. 6. Load-deflection curves for both the FS- and CF-based 3D printed structures. and 4.11 GPa. Note that the measured shear modulus (G;,) for the
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Table 4
Mechanical properties of FS- and CF-based 3D-printed topologically optimized structures.
Property FS (i) FS (o) CF (i) CF (0)
Maximum load (KN) 1.53 +£ 040 1.22 +£ 045 5.50 + 0.48 5.04 + 0.40
Stiffness (kN/mm) 0.52 + 0.04 0.55 + 0.05 1.90 + 0.20 1.96 + 0.10
Mass (g) 32.2 +2.40 35.1 + 3.00 35.0 + 2.8 394 + 2.16
Specific stiffness (KN/mm.kg) 16.3 £ 0.30 15.7 £ 1.00 542 + 2.5 50.0 £+ 1.90

(i): isotropic topology; (0): orthotropic topology.

oL

| CF Epoxy (E22/E11 = 0.367)

0 1 1 1 1 1
0 05 1 15 2 25 3 35 4 45
Shear Modulus (GPa)

Fig. 7. Numerical predictions for stiffness of optimized MBB beams with varying
shear modulus values.

CF reinforced epoxy was approximately 2.1 (Table 2). Stiffness val-
ues and topologies for select calculations are presented in Fig. 7.

The maximum predicted stiffness value is 1.31 kN/mm with a
shear modulus of 2.11 GPa and the minimum predicted stiffness
is 1.28 kN/mm with a shear modulus of 0.11 GPa. This represents
a variation of 3.1% in stiffness. The results confirm the intuition
that shear modulus variation would have little impact on the
topology and stiffness for the orthotropic topology with materials
aligned along principal stress orientations (Fig. 7). For the remain-
der of the analysis, shear modulus values (G;,) of 2.11 GPa (for CF
reinforced epoxy cases) or 1.18 GPa (for FS reinforced epoxy cases)
were employed (Tables 2, 3).
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Fig. 8. Numerical predictions for stiffness of optimized MBB beams with varying
volume fraction values. For reference, additional data points and topologies for
experimentally measured stiffness and volume fraction values of the printed CF
structures.

4.2. Variation of volume fraction

Volume fraction is easily controlled in a numerical design set-
ting, but is less precisely controlled during manufacturing. This is
especially true for additively manufactured structures with differ-
ent topologies. Specifically, for the topologies that are printed for
this study, one topology (designed using the Modified SIMP
approach) has relatively simple features and another (designed
using the SOMP/PS Orientation Approach) has relatively complex
features. This could lead to some biasing of the measured stiff-
nesses of the structures due to disparate masses, despite the
numerical designs having identical volume fractions. Because of
this, it is of interest to investigate the impact of volume fraction
variation on the predicted stiffnesses for the structures.

Fig. 8 presents topologies and predicted stiffness results from a
study in which the volume fraction was varied from 0.3 to 0.7. All
of the numerical results employed the SOMP/PS opimization
approach for the CF reinforced epoxy. The maximum predicted
stiffness value is 1.92 kN/mm with a volume fraction of 0.7 and
the minimum predicted stiffness is 1.01 kN/mm with a volume
fraction of 0.3. This represents a variation of 62.1% in stiffness.
Experimental stiffnesses are also included for the CF reinforced
epoxy specimens, with approximate volume fractions determined
by scanning the topologies with Image] (Table 6). Note that the
purple topology corresponds to the Modified SIMP Approach (“Iso-
tropic Topology”) and the red topology corresponds to the SOMP/
PS Orientation Approach (“Orthotropic Topology”) as printed with
CF epoxy. The volume fraction measured via Image] for the exper-
imental CF reinforced epoxy topologies were 52.5% (SOMP/PS Ori-
entation Approach) and 47.5% (Modified SIMP Approach) larger
than the numerically prescribed volume fraction (which was 0.4).
As a result, experimentally measured stiffnesses for these cases
were higher than the corresponding numerical predictions by

2
18 |
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Fig. 9. Numerical predictions for stiffness of optimized MBB beams with varying
ratios of orthotropic elastic moduli E;/E;;. Red is used to denote results
corresponding to the properties for the CF reinforced epoxy.
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39.8% (SOMP/PS Orientation Approach) and 39.0% (Modified SIMP
Approach). Further discussion is provided in Section 6.

4.3. Role of degree of orthotropy

A comparison was made between the numerical results for TO
calculations performed with the SOMP/PS Orientation Approach
and those with the Modified SIMP Approach. These comparisons
were made over a range of orthotropy ratios (i.e. Ex;/Eq;) to deter-
mine trends that would be relevant for a wide range of orthotropic
materials. The degree of orthotropy is a parameter that is also read-
ily tunable with emerging techniques [56,69].

Fig. 9 shows normalized stiffness values and select topologies
for calculations performed using the SOMP/PS Orientation
Approach with a variety of E;,/E; ratios from 0.05 to 1 in incre-
ments of 05). In particular, the higher elastic modulus E;; was
fixed, reflecting the mechanical testing results for the CF reinforced
epoxy (E;; =10.1 GPa - Table 2). The modulus E» was varied
according to the given ratios plotted. The shear modulus (Gi3)
and Poisson’s ratio (v2) were kept constant at a value of 2.11
GPa and 0.335, respectively, to also be representative of the CF
epoxy (Table 2). The normalized stiffness parameter (“Stiffness
Ratio”) is the stiffness for the SOMP/PS Orientation Approach
designed topology with the given ratio E,,/E;;, along the x-axis,
normalized by the stiffness for the Modified SIMP Approach
designed topology using E;; = E;» = 10.1 GPa, i.e. Ey/E1; = 1.0,
which is quasi-isotropic. The reference topology and stiffness at
Ex/E11 = 1.0 is labeled in Fig. 9 at the right. This reference was
chosen to help highlight performance trends based on the degree
of orthotropy (related to E»,/E;1). Additionally, for comparison
the case, Ex, /E11 = 0.37, corresponding to the CF reinforced expoxy
material of interest is denoted in red.

The material is the most orthotropic towards the left end of the
figure, approaching E»;/E1; = 0. In the range 0 < Ex,/E1; < 0.15,
there is an increase in predicted stiffness as the material becomes
less orthotropic (E,»/Eq; increases). In the range 0.15 < Ex /E1; < 1,
the stiffness remains largely constant as the material continues to
become less orthotropic and approaches the quasi-isotropic refer-
ence case. For E», /E1; > 0.15, the stiffness values varied by at most
1.5%. The maximum normalized stiffness value is 1.02 with a
E,3/Eq1 ratio of 0.35 and the minimum normalized stiffness value
is 0.92 with a E,, /E1; ratio of 0.05. Visual inspection of the topolo-
gies suggests that the orthotropic topology converges toward the
quasi-isotropic topology for materials with higher E», /Eq;. Overall
in Fig. 9, the stiffness ratio remains fairly constant over the entire
range of E»,/E;; ratios considered. The implication is that the
degree of orthotropy is not that significant for the beam compli-
ance minimization problem as long as material orientation is
aligned with principal stresses.

4.4. Numerical design of topologies to be experimentally tested

Based on the above studies and using a prescribed volume frac-
tion of 0.4, and the orthotropy ratios E;,/Eq;, representative of the
CF material (Table 2, E,;/E;; =0.37) or FS material (Table 3,
E;/E11 = 1), optimal topologies were determined using the two
design strategies for orthotropic materials to be compared. These
are (a) the SOMP/PS Orientation Approach using CF reinforced
epoxy properties (b) Modified SIMP Approach using E = 6.35 GPa,
v =253, G = 2.53 GPa (corresponding to the effective isotropic
properties of a [0, 60, —60]s laminate of CF reinforced epoxy). Note
that topologies generated from topology optimization for isotropic
materials are generally material agnostic (i.e. topology does not
change based on magnitude of elastic modulus). Recall that for
(b), post-processing steps are added: first the calculation for pre-
dicted stiffness is made by substituting the CF or FS reinforced
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epoxy properties. Eventually the topology to be printed would also
involve choosing a print path that aligns the material orientation
with the principal stress directions (i.e., a concentric print path).
Fig. 10 presents a comparison of the numerical results for these
two strategies. The top images are the topologies, the middle
images are the corresponding representations of the principal
stress directions of the final design using sparse orientation vectors
in blue. In the bottom row, the corresponding convergence histo-
ries are provided showing compliance as a function of optimization
iterations. The predicted stiffness values for the respective topolo-
gies are presented in Table 5. The predicted stiffnesses were deter-
mined using the properties of the DIW printing materials to be
used for experimental testing (the CF and FS inks, Tables 2, 3)
and are listed according to the material indicated in the first col-
umn of Table 5.

These topologies were printed via the DIW process with a print
path that closely approximates the numerically determined maxi-
mum in-plane principal stress field (i.e. a concentric, or contour-
parallel, print path). The experimental results (Section 5) therefore
provide a validation check for the numerical findings, which is dis-
cussed in Section 6.

Based on the two topologies identified (i) “Orthotropic Topol-
ogy” with variable orientation from the SOMP/PS Orientation
Approach (Fig. 10a) and (ii) “Isotropic Topology” from the Modified
SIMP Approach (Fig. 10b), additional numerical stiffness predic-
tions were made for four scenarios with the two sets of material
properties (CF Epoxy and FS Epoxy) and these are reported in
Table 5. Given the “Orthotropic Topology” from the SOMP/PS Ori-
entation Approach (Fig. 10a) and assuming the CF epoxy material
properties, a stiffness of 1.31 kN/mm is predicted. For the same
“Orthotropic Topology” from the SOMP/PS Orientation Approach
(Fig. 10a), but instead substituting the (approximately isotropic)
Fumed Silica epoxy material properties, a stiffness of 0.41 KN/
mm is calculated. Then considering the “Isotropic Topology” from
the Modified SIMP Approach (Fig. 10b) and assuming the orthotro-
pic CF epoxy material properties, a stiffness of 1.28 kN/mm is
found. For the same “Isotropic Topology” from the Modified SIMP
Approach (Fig. 10b) and instead substituting the (roughly isotro-
pic) Fumed Silica epoxy material properties, 0.40 kN/mm is pre-
dicted. As seen in Table 5, there is a 3.1% variation in predicted
stiffness between the two topologies using the CF epoxy proper-
ties, and a 2.5% difference in stiffness between the two topologies
using the FS epoxy properties (Fig. 10a,b).

5. Experimental results

Table 2 summarizes the flexural and shear properties of the CF
ink material. The CF ink exhibits directional dependence in both
flexural modulus and strength, as compared to the isotropic flexu-
ral behavior achieved by the FS ink, which corroborates previous
work by Hmeidat et al. [56]. The average flexural modulus and flex-
ural strength values are 10.1 GPa and 177.82 MPa, respectively, for
the longitudinal (i.e. 1-direction) CF specimens, and 3.71 GPa and
61.1 MPa, respectively, for the transverse (i.e. 2-direction) CF spec-
imens. Directional dependence is also observed in the shear prop-
erties of the CF specimens. The average shear modulus and shear
strength values are 2.11 GPa and 53.82 MPa for the longitudinal
(i.e. 1-direction) CF specimens, and 1.43 GPa and 38.83 MPa for
transverse (i.e. 2-direction) CF specimens, respectively.

Fig. 5 shows optical images of the topologically optimized, 3D
printed structures using both the FS and CF inks. The FS ink results
in printed, cured specimens with a characteristic brownish color
(Fig. 5a-b), while the CF ink results in a black color (Fig. 5 c-d).
Fig. 5e-g show high-magnification micrographs for the highlighted
regions in Fig. 5d, demonstrating the preferred orientation of the
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Fig. 10. Optimal topologies and local reinforced material orientation fields for the MBB beams using the a) SOMP/PS Orientation Approach and b) Modified SIMP Approach.
Orientation vectors - shown as blue arrows - represent the principal stress directions of the final MBB design. Convergence histories for each topology are in the bottom row.

Table 5

Stiffness values predicted by applying different sets of material properties to the
“orthotropic” and “isotropic” topologies generated from the SOMP/PS and Modified
SIMP Approaches, respectively.

Material “Orthotropic Topology” (from “Isotropic Topology” (from
SOMP/PS Orientation Approach) Modified SIMP Approach)
CF Epoxy 1.31 kKN/mm 1.28 KN/mm
FS Epoxy 0.41 kN/mm 0.40 kN/mm
Table 6

Measured volume fraction via image] for the two topologies printed with the two
different materials.

Material ~ Measured volume fraction of Measured volume fraction of
printed “Orthotropic printed “Isotropic Topology”
Topology” (from SOMP/PS (from Modified SIMP Approach)
Orientation Approach)
CF Epoxy 0.61 0.59
FS Epoxy 0.59 0.57

CFs along the translation direction of the deposition nozzle, as indi-
cated by the red arrows.

The three-point bending setup for the printed structures is
shown in Fig. 4b, and the corresponding force-deflection plots
are given in Fig. 6. Table 4 summarizes the mechanical and physi-
cal properties of both the FS and CF structures. For the printed CF

10

Epoxy beams, a stiffness of 1.96 kN/mm was found for the “Ortho-
tropic Topology” and a stiffness of 1.90 kN/mm was determined for
the “Isotropic Topology”. For the printed Fumed Silica beams, a
stiffness of 0.55 kN/mm was measured for the “Orthotropic Topol-
ogy” while a stiffness of 0.52 kN/mm was found for the “Isotropic
Topology”. The mean masses of the samples varied by 11.8% for the
samples printed with CF Epoxy and by 8.6% for the samples printed
with Fumed Silica. This is correlated with the difference in mea-
sured volume fraction. Using image], the printed topologies were
scanned to estimate volume fraction (Table 6). The mean measured
volume fraction of the samples varied by 3.3% for the samples
printed with CF Epoxy and by 3.4% for the samples printed with
Fumed Silica.

Reflecting the dependence of stiffness on mass/volume of the
topology, the specific stiffness values were calculated by scaling
the respective stiffnesses by the mass of the corresponding beam.
From an experimental perspective, this is the parameter that gives
the most direct comparison in performance between the two
topologies, as the disparity in mass is accounted for. For the printed
CF Epoxy beams, a specific stiffness of 50.0 kN/mm.kg was
observed for the “Orthotropic Topology” from the SOMP/PS Orien-
tation design approach and a specific stiffness of 54.2 kN/mm.kg
was determined for the “Isotropic Topology” from the Modified
SIMP design approach. For the printed Fumed Silica beams, a speci-
fic stiffness of 15.7 kN/mm.kg was found for the “Orthotropic
Topology” from the SOMP/PS Orientation design approach while
a specific stiffness of 16.3 kN/mm.kg was measured for the “Isotro-
pic Topology” from the Modified SIMP design approach. The mean
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differences in specific stiffness for the topologies are 4.2 kN/mm.kg

for the CF Epoxy printed beams and 0.6 kN/mm.kg for the Fumed
Silica printed beams.

6. Discussion

As outlined in Section 4.2 and Section 5, one of the complicating
factors in comparing the numerical and experimental results is the
discrepancy between prescribed volume fraction (0.4) and the
actual volume fraction of the printed specimens (Table 6). Never-
theless, the numerical study on the effect of prescribed volume
fraction in Section 4.2 provides insight into how the stiffness
should vary (up to 62.1% in the present study) given that the
achieved volume fraction in the printed topologies is higher than
what was set numerically. In general and as anticipated and shown
in Fig. 8, volume fraction has a roughly linear correlation with pre-
dicted stiffness. While the numerical predictions for stiffness

(Table 5) are not closely aligned with the measured stiffnesses of

the experimentally tested printed specimens (Table 4), an adjust-
ment must be made to account for the difference in mass/volume
of the printed structures in comparison to the numerically pre-
scribed volume fraction. As illustrated in Fig. 8, the experimentally
measured stiffness values (in red and purple) match the numeri-
cally predicted values relatively well when compared with the
measured volume fractions. In particular, when comparing the
experimental stiffnesses of the CF epoxy structures for the “Ortho-
tropic Topology” derived from the SOMP/PS approach (which had a
measured volume fraction of 0.61) and the “Isotropic Topology”
from the modified SIMP approach (with a measured volume frac-
tion of 0.59) to the numerically predicted stiffness for the same
respective volume fractions used in the parametric study (0.6), a
difference of 10.8% (SOMP/PS) and 9.9% (Modified SIMP) is
observed. In contrast, when comparing the experimental results
to the numerically predicted stiffness for the intended volume frac-
tion of 0.4, there is a difference of 39.8% (“Orthotropic Topology”,
SOMP/PS) and 39.0% (“Isotropic Topology”, Modified SIMP), respec-
tively. The increase in observed volume fraction of the printed

structures due to error in printing will also have the effect of

decreasing the magnitude of the stress in the structural members
in comparison to what would be predicted numerically.

It is worthwhile to discuss the degree to which a concentric
material deposition strategy approximates the principal stress
orientations. For this purpose, the “Orthotropic Topology” design
(SOMP/PS) is used as a reference. In Fig. 11, a colormap indicates
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the local orientation for the principal stress direction (left) and
the concentric g-code (right). The top row corresponds to the
“Orthotropic Topology” and the bottom row corresponds to the
“Isotropic Topology”. The results show strong agreement
between the two orientation fields for both topologies and sug-
gest that this material deposition strategy is indeed an appropri-
ate choice to approximate the numerically prescribed
orientations.

In terms of the sources for the differences in printed volume
fraction between the “Orthotropic Topology” from the SOMP/PS
Orientation design approach and the “Isotropic Topology” from
the Modified SIMP design approach, several factors contribute.
For both materials, the printed “orthotropic topology” (SOMP/PS)
had significantly greater volume fraction and was more massive
than the printed “isotropic topology” (Modified SIMP). This is
due to the increased complexity of the “orthotropic topology” lead-
ing to additional deposition of material, specifically at points in
which the structural members of the design join together. Some
progress has been made towards numerically addressing this issue
and controlling joint feature size through two-step filtering, which
may mitigate this problem [70]. While amongst the printed struc-
tures, the topology that ended up with the larger volume fraction
(“Orthotropic Topology” from the SOMP/PS Orientation design
approach) outperformed the topology that ended up with the
smaller volume fraction (“Isotropic Topology” from the Modified
SIMP design approach) with respect to stiffness for both the CF
and FS epoxy materials (Tables 4), the opposite trend is observed
with respect to specific stiffness. This indicates that the additional
material present in the “Orthotropic Topology” (SOMP/PS) did
not contribute to stiffness in proportion to its mass, i.e. this extra
material was not used efficiently. This reinforces the need for more
rigorous path planning with complex topologies, which is a highly
active topic of current research [23,25].

However, statistical analysis of the specific stiffnesses of the
beams allows for quantification of the significance of these find-
ings. Based on the sample size and standard deviation of the sam-
ple population, it is possible to determine a p-value for the
difference between the mean specific stiffnesses (S) of the two
topologies, Suod.smp — Ssompsps (Table 4). For the CF reinforced epoxy
printed beams, the p-value for the difference in mean specific stiff-
ness is 0.188. For the FS reinforced epoxy printed beams, the p-
value for the difference in mean specific stiffness is 0.378. The
specific stiffnesses are therefore not statistically significant on a
0.05 significance level.
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Fig. 11. The local orientation for the principal stress direction (left) and the concentric g-code (right) based on the SOMP/PS “Orthotropic Topology” design (top) and the
Modified SIMP “Isotropic Topology” design (bottom).
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Computationally, the Modified SIMP Approach is more efficient
than the SOMP/PS Approach. The time taken to determine optimal
topologies for 500 iterations was 4480 s for the SOMP/PS Orienta-
tion optimization and 3644 s for the Modified SIMP Approach opti-
mization - a decrease of 19%. This disparity in computational cost
can be exacerbated for problems that require a finer mesh, or if
an extension to 3D is desired. Furthermore, the FEA routine utilized
in both optimizations is not optimized for efficiency - specifically
in the assembly of the stiffness matrix. Using the more efficient
SIMP-based 88 line code ([37]) results in a topology that is essen-
tially identical to the one produced in the Modified SIMP Approach,
but has a much faster time of 846 s.

Given the added computational complexity and cost and the
lack of statistically significant differences in stiffnesses experimen-
tally measured (and numerically predicted) for the designs deter-
mined using the two strategies compared in this manuscript, the
utility of concurrent topology and orientation optimization
schemes is questioned. Other studies have addressed similar con-
cerns. Nomura et. al. [26,27] investigated the benefit of concurrent
orientation/topology optimization utilizing a sensitivity-based
approach to optimize vector/tensor material orientation coordi-
nates, concluding that the difference in minimum compliance
design is marginal for single-load design cases but more significant
for multi-load cases. Nevertheless, it should be emphasized that
the work presented in this manuscript is novel in that it narrowly
isolates the influence of considering material orientation concur-
rently with the TO of structures, specifically for DIW 3d-printing
with orthotropic composite materials. Furthermore, to the best of
the authors’ knowledge, this is the first such study to also provide
experimental validation. In this way, our findings add to the grow-
ing evidence that considering optimal orientation concurrently
with TO is unneccessary for compliance-based single-load design
cases.

7. Conclusions

The efficacy of the simultaneous optimization of topology and
orthotropic material orientation (SOMP/PS Orientation Approach)
for Direct-Ink-Write (DIW) additive manufacturing was evaluated
for single load cases. For the first time, experimental results are
combined with numerical predictions to confirm that differences
in performance between structures designed with concurrent
topology/orientation optimization (SOMP/PS) and those designed
with simpler and less computationally costly approaches (Modified
SIMP) are not statistically significant.

Experiments were performed on printed beams designed with
the SOMP/PS Orientation Approach (orthotropic material orienta-
tions controlled during TO using maximum in-plane principal
stress directions) and the Modified SIMP Approach (assuming
equivalent isotropic properties, and substituting the original ortho-
tropic properties along principal stress orientations post-
optimization). Each beam was printed via DIW with a roughly iso-
tropic material (a Fumed Silica reinforced epoxy) and a material
with orthotropic behavior (a Carbon Fiber reinforced epoxy). The
beams were printed with a concentric print path, which closely
approximates the principal stress directions (which tend to follow
the contour of a structure under mechanical loading). The results
from this combined numerical and experimental study suggest
that the most important factor in determining the performance
of printed orthotropic structures is to align the strong axis of the
material with the anticipated maximum principal stress directions.
When using topology optimization to design such structures for
additive manufacturing, it is less important to consider the orien-
tation during the optimization process itself. This can be done with
almost equal benefit, where benefit was evaluated experimentally,
during post-processing with less numerical effort and complexity.
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