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A B S T R A C T

Design for composite material additive manufacturing is governed by multiple process variables that can be
computationally expensive to optimize. This is especially true when considering discrete variables, such as the
material type to be used, which lead to a lot of possible solutions that have to be evaluated. Here, we propose
a workflow for optimizing topology and fiber placement of 3D volumetric structures based on mechanical
performance under multiple load cases and environmental impact. An eco-informed material selection from a
set fibers and polymers is followed by a methodology to optimize the manufacturing setting. By performing
these two steps sequentially, the number of input parameter sets to be tested is reduced in a combinatorial
scale, along with the computational cost. The framework can be easily extended by adapting the analyses and
holds significant promise for the design of additive manufactured sustainable structures.
1. Introduction

The rapid development of additive manufacturing techniques brings
he possibility of creating more complex structural designs. Conse-

quently, the use of computational design tools such as topology op-
imization has accelerated substantially [1,2].

For isotropic materials, e.g. metallic, the material choice can be
ecoupled from the topology optimization [3] assuming that the man-
facturing process does not play a role in the mechanical properties
f the material. This is not the case for composite materials, which are
ecoming widely used, especially in structural applications often due to
heir high specific mechanical properties. For composites, the mechan-
cal properties are strongly influenced by geometry, requiring topology

optimization to be performed concurrently with material selection.
Another difficulty introduced is the integration of the constraints

related to the additive manufacturing process. These include defining
the criteria for the feasibility of configurations [4], selecting optimal
infill methods [5] and creating the 3D printing path [6,7]. This leads
to a complex workflow, often consisting of sequential steps to select
material, optimize geometry, constrain for manufacturability, and de-
termine trade-offs to compare designs, which can be cumbersome. To
overcome this, in the current work, we aim to:

• Present a new design workflow for 3D fiber-reinforced composite
structures that not only can optimize the topology and fiber

∗ Corresponding author.
E-mail address: joseph.morlier@isae-supaero.fr (J. Morlier).

orientations but also provide a better understanding of their
environmental impact and manufacturability.

• Structure each stage of the workflow to get a balance between
interdependency and complexity.

• Assess the effectiveness of the proposed workflow with an indus-
trial part design under multiple load conditions.

As evident from the above-mentioned points, the work focuses on
three key aspects: topology optimization; CO2 footprint assessment,
and printability assessment. The next subsections provide a concise
overview of these aspects before diving into a detailed description of
the workflow.

1.1. Life Cycle Assessment (LCA) and ecodesign

Estimating the environmental impact of a product is a complex
task, since there are many phases to be taken into account, such as
material production, manufacturing, transportation, product use, and
end-of-life. In addition there are multiple indicators to be quantified,
such as greenhouse gases (GHG) emissions, energy used, and material
used [8]. Integrating the Life Cycle Assessment (LCA) into the design
process requires a careful selection of the parameters to be optimized
and the impact metrics to be evaluated.
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Tang et al. [9] present a framework with a rather complete LCA,
studying the impact of energy and material consumption of the struc-
ture on climate change and human health, while Duriez et al. [10]
use GHG emissions as the only metric. However, Tang et al. [9] use
 basic topology optimization configuration from commercial software
nd Duriez et al. [10] focus in making eco-optimized material and
rocess selections.

Both of these frameworks consider isotropic materials and are
ot directly usable for anisotropic materials. Castro Almeida et al.
11] and Agrawal [12] present then methodologies for optimizing 3D
rinted composites to minimize the CO2 footprint of the structure, but
 main challenge that remains open is introducing variables of the
anufacturing process to the design workflow.

In the context of ecodesign, the use of alternative materials can also
e seen as a possible replacement for current materials, since natural
ibers and biopolymers present environmental advantages in all life
ycle stages [13–15]. However, materials with lower environmental

impact generally correlate to lower stiffness, so the trade-off between
these two properties must be quantified [16]. Here, we use the Pareto
efficiency considering compliance and CO2 emissions to define a better
codesign.

.2. Topology optimization for fiber-reinforced composites

In the past few decades, topology optimization has revolutionized
esigning, especially for structural applications. In simple terms, topol-
gy optimization optimizes the material distribution within a given

design domain to achieve the best value of the predefined objective.
Various types of topology optimization methods have been proposed
till now e.g. density-based, level-set based, feature-based, etc. Inter-
ested readers can refer to the following review articles for detailed
information about topology optimization [17–19].

Among various topology optimization methods, density-based topol-
ogy optimization has remained the most popular. It utilizes the density
𝜌𝑒 assigned to each finite element 𝑒 in the domain 𝛺 as a design
variable. The density variables take values from 0 (void element) to
1 (filled element). To enforce convergence to a predominantly 0/1
configuration, the density is penalized using an interpolation scheme
such as the Solid Isotropic Material with Penalization (SIMP [20]).
In SIMP, the material properties are obtained using a power law, i.e
𝐸(𝜌𝑒) = 𝜌𝑝𝑒𝐸0, where 𝑝 is a penalization factor (typically 𝑝 = 3). With
the penalized material interpolation law, intermediate densities are
discouraged in the optimized design.

As industries strive to reduce material consumption and increase
efficiency, topology optimization has intersected with material design
and manufacturability over time. It has been utilized to design ad-
vanced materials such as composites, cellular materials, metamaterials,
etc. On the other side, research has also been done to include sev-
eral real manufacturing constraints in the topology optimization prob-
lem. In this article, we focus on fiber-reinforced composites produced
through additive manufacturing.

For fiber-reinforced composites, in addition to the topology of the
material, the reinforcement also needs to be optimized for better per-
formance. Typically, the reinforcement description is attributed to the
fiber orientations. However, it can also include other factors related to
fibers such as fiber density. Lee et al. [21] and Kim et al. [22], Li et al.
[23] included fiber density in topology optimization sequentially and
concurrently, respectively. With the inclusion of extra design variables,
these methods could explore larger design spaces and find better de-
signs. However, this advantage comes at a cost of increase complexity
and computational cost. Similarly, we can also include such detailed
reinforcement descriptions and potentially find a better trade-off among
compliance, environmental impact and printability. However, we fo-
cus exclusively on fiber orientations to describe reinforcement in the
current work, leaving other aspects for future exploration.
2 
For a given domain, the determination of fiber orientations can be
performed using various approaches. One of them is Discrete Material
Optimization (DMO) [24], which is a useful method for composite
laminates, since it is based on a discrete set of possible orientations.
However, this approach does not provide means of ensuring fiber
continuity in adjacent regions, reducing its suitability for non-uniform
rientations.

On the other side of the spectrum, Free Material Optimization
FMO) [25] treats the stiffness tensor components as design vari-
bles, increasing the freedom of design, although sometimes leading
o infeasible material properties.

The approach chosen to represent material anisotropy while also
anaging manufacturing constraints is Continuous Fiber Angle Opti-
ization (CFAO), which assigns continuous variables to represent the

iber orientation in each element. This methodology is appropriate in
he context of Fused Filament Fabrication (FFF) of short-fiber rein-
orced polymers [26,27] and can be easily integrated into the SIMP
ethod, adjusted to produce continuous orientations in the domain.
owever, this approach may introduce new pseudo local minima due

o the 2𝜋-periodicity of the angle, so that the angle representations have
o be carefully constructed.

We also employ the SIMP integrated CFAO formulation as it offers
reater design flexibility compared to FMO. The 2𝜋 periodicity issue
s addressed through filtering. Moreover, the discontinuous fiber ori-
ntations typically seen at the end of the optimization can be readily
moothed using a streamlining algorithm. In the following paragraphs,
 standard density topology optimization with the SIMP interpolation
cheme and its extension to CFAO are given.

.2.1. Solid Isotropic Material with Penalization (SIMP)
A density topology optimization approach using the SIMP interpo-

ation scheme that aims to minimize the compliance 𝑐 can be written
s (1) [1], where 𝑼 and 𝑭 are the global displacement and force
ectors, respectively, 𝑲 is the global stiffness matrix, 𝑁 is the number
f elements, 𝒌𝟎 is the elemental non-penalized stiffness matrix, 𝒖𝒆 and
𝒆 = 𝜌𝑝𝑒𝒌𝟎 are the element displacement vector and stiffness matrix,
espectively, 𝝆 is the vector of design variables, 𝜌𝑚𝑖𝑛 is the non-zero
inimum density (to avoid singularity), 𝑉 (𝝆) and 𝑉0 are the material

olume and design domain volume, and 𝑓 is the prescribed maximum
olume fraction.

min
𝝆

𝑐(𝝆) = 𝑼𝑻𝑲(𝝆)𝑼 =
𝑁
∑

𝑒=1
𝜌𝑝𝑒 𝒖

𝑻
𝒆 𝒌𝟎 𝒖𝒆

subject to
⎧

⎪

⎨

⎪

⎩

𝑉 (𝝆)
𝑉0

≤ 𝑓

𝑲(𝝆)𝑼 = 𝑭
0 < 𝜌𝑚𝑖𝑛 ≤ 𝜌𝑒 ≤ 1, 𝑒 = 1,… , 𝑁

(1)

To avoid the appearance of chequerboard patterns and to ensure the
esh independence of the result, element sensitivities are filtered by a

inear decaying convolution filter (2), where 𝑟𝜌 is a fixed filter radius
and 𝛥(𝑒, 𝑖) is the distance operator between the centers of elements 𝑒
and 𝑖.

𝜌𝑒
�̃� 𝑐
𝜕 𝜌𝑒

= 1
∑

𝑖 𝐻
𝜌
𝑒𝑖

𝑁
∑

𝑖=1
𝐻𝜌

𝑒𝑖 𝜌𝑖
𝜕 𝑐
𝜕 𝜌𝑖

, 𝐻𝜌
𝑒𝑖 = max(0, 𝑟𝜌 − 𝛥(𝑒, 𝑖)) (2)

1.2.2. Continuous Fiber Angle Optimization (CFAO) integrated SIMP
Here, we present the conventional integration of the CFAO method

with the SIMP approach. The SIMP method can be extended with CFAO
by introducing fiber orientations 𝜽 as design variables. A modified 2D
problem where both sets of variables are simultaneously optimized [28]
can be given as (3). To avoid using periodic variables, another possible
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approach is to define the orientation using the Cartesian components
of the orientation vector [29].

min
𝝆,𝜽

𝑐(𝝆,𝜽) =
𝑁
∑

𝑒=1
𝜌𝑝𝑒 𝒖

𝑻
𝒆 𝒌𝟎(𝜃𝑒) 𝒖𝒆

ubject to

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑉 (𝝆)
𝑉0

≤ 𝑓

𝑲(𝝆,𝜽)𝑼 = 𝑭
0 < 𝜌𝑚𝑖𝑛 ≤ 𝜌𝑒 ≤ 1, 𝑒 = 1,… , 𝑁
− 𝜋

2 ≤ 𝜃𝑒 ≤
𝜋
2 , 𝑒 = 1,… , 𝑁

(3)

In this formulation, an additional filter is necessary to regularize the
rientations and create a smoothly varying field that can be more easily
onverted to a printable structure. There is a wider range of choices for
his filter, which is independent of the filter applied to the densities.

Within each iteration, it can be applied to the sensitivities [30], the
aterial tensor [31], the angles [32], or the Cartesian projections of

he angles [33]. The type of filter can also vary, such as using a
aussian filter instead of a convolution filter with weights that decay

inearly [30].
Although problem definition is quite straightforward in 2D, there

re multiple possibilities to extend the problem to 3D, with varying
evels of computational cost, manufacturing ease, and design space
reedom. Some of them are choosing a printing direction and divide the
omain in traditional planar layers [28], using a fiber angle description
ethod based on Archimedean spirals to combine the orientations in
ifferent layers and reduce the total number of design variables [34],
efining allowable printing planes to make components that can be
ater assembled [33], slicing the domain in curved layers for spatial
rinting [7], optimizing geometric primitives (plates, bars) as discrete
omponents [35–38], or introducing design variables to define free 3D
iber orientations by spherical coordinates [32]. In our formulation, we
lso use the free fiber description (as in [32]), as it provides better
esign freedom and its implementation is relatively straightforward.

.3. Outline

The remainder of the article is organized as follows: Section 2 pro-
oses the design workflow, including in-depth information on problem
ormulation, material models, sensitivity analysis, and metrics for en-
ironmental impact & printability. Section 3 showcases the results and
iscussion, emphasizing the effectiveness of the proposed workflow.
inally, Section 4 summarizes the key conclusions of the work.

. Methodology

.1. Proposed workflow

Fig. 1 presents the proposed workflow for optimizing printed struc-
ures taking into account mechanical performance, environmental im-
act, and manufacturability. The workflow consists of two steps: the

material selection step and the printing direction selection step.
The material selection step focuses on balancing stiffness & environ-

mental impact. For this, the geometry is optimized using the topology
optimization algorithm for various pairs of fiber–matrix material. It
outputs both optimized topology and fiber orientations. Based on the
results of the topology optimization, the compliance and CO2 footprint
of these optimized designs are evaluated. Since the optimization runs
are independent, this procedure can be parallelized with no additional
complications. Finally, using the compliance and CO2 footprint data,
the designer can identify the Pareto front designs; and consequently,
choose a fiber–matrix material pair that provides a better trade-off
etween compliance and CO2 footprint. With this selection, the de-

signer concludes the first step, and proceeds for the second step of the
workflow.

The goal of the second — printing direction selection step is to find
the direction that leads to the highest stiffness with better printability.
 a

3 
The printability is measured by the fraction of material that is self-
supported during the 3D printing. To achieve the goal, the designer
uns a topology optimization algorithm for various printing directions.
ased on topology optimization results, he can identify a design with
etter stiffness as well as manufacturability. Similar to the last step, the
esigner can also exploit the Pareto front of compliance and printability
core (as shown in Fig. 1).

At the end of the workflow, the outputs are the selected fiber–matrix
aterial pair, the printing direction, and the optimized topology and

iber distribution. This result shall be post-processed to generate the
rinting instructions.

In both steps, a compliance minimization topology optimization
roblem is solved for multiple times. A detailed formulation and its
mplementation, point-wise material definitions, and sensitivity anal-
ses are given in Section 2.2. A detailed flow chart of the topology
ptimization is also given in Fig. 1. In addition, the CO2 footprint and
rintability measures required in Steps 1 and 2, respectively, are intro-
uced in Sections 2.3 and 2.4. Please note that the given compliance
roblem, almost always utilizes the maximum allowable volume and
herefore the CO2 footprint assessment essentially becomes a material
election due to constant specific CO2 footprint and density. Therefore,
e could decouple material selection (focusing on CO2 footprint and

ompliance) from printing direction selection (focusing on printability
nd compliance). Fully integrating CO2 footprint and printability into
he optimization would require handling discrete parameters within a
ontinuum framework, a complex approach we aim to explore in future
ork.

.2. Topology optimization problem

.2.1. Problem formulation
As mentioned in the introduction section, the considered topology

ptimization problem involving 3D fiber-reinforced composite is solved
sing CFAO-SIMP formulation. The CFAO-SIMP formulation can be
ritten as (4) for compliance minimization under multiple load-cases.

t considers two sets of angles to define material orientations, 𝜽 and 𝜶,
imilarly to Schmidt et al. [32]. The objective function 𝐶(𝝆,𝜽,𝜶) is an
ggregation of the compliances 𝑐𝑖 of each load case 𝑖 in the load cases
et 𝐿𝐶 using a 𝑝-norm, which is a differentiable approximation of the
aximum function (exact for 𝑝 → ∞).

min
𝝆,𝜽,𝜶

𝐶(𝝆,𝜽,𝜶) =
(

∑

𝑖∈𝐿𝐶
𝑐𝑖(𝝆,𝜽,𝜶)𝑝

)
1
𝑝

=

(

∑

𝑖∈𝐿𝐶

( 𝑁
∑

𝑒=1
𝜌𝑝𝑒𝒖

𝑻
𝒆,𝒊𝒌𝟎(𝜃𝑒, 𝛼𝑒)𝒖𝒆,𝒊

)𝑝) 1
𝑝

subject to

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑉 (𝝆)
𝑉0

− 𝑓 ≤ 0

𝑲(𝝆,𝜽,𝜶)𝑼 𝒊 = 𝑭 𝒊, ∀𝑖 ∈ 𝐿𝐶
0 < 𝜌𝑚𝑖𝑛 ≤ 𝜌𝑒 ≤ 1, 𝑒 = 1,… , 𝑁
− 𝜋

2 ≤ 𝜃𝑒 ≤
𝜋
2 , 𝑒 = 1,… , 𝑁

− 𝜋
2 ≤ 𝛼𝑒 ≤

𝜋
2 , 𝑒 = 1,… , 𝑁

(4)

Please note that the penalization factor ‘𝑝’ and the power ‘𝑝’ related
to the 𝑝-norm are different. However, to align with standard notation
ractices, we keep both as ‘𝑝’ and they can be distinguished in the
urrent formulation as they do not appear together except here in (4).
he ‘𝑝’ appears in (17) and (18) is the penalization factor, whereas the
𝑝’ appears in (20) is the 𝑝-norm power.

Fig. 2 illustrates the reference frames used for the material orienta-
tion definition. When optimizing for free oriented fibers, the angles 𝜽
and 𝜶 correspond to the fiber orientation in a spherical global coordi-
nate system. On the other hand, when optimizing for printing in layers,

is set to zero while 𝜽 are rotations inside the printing plane, which
s the plane normal to the printing direction. This model quantifies
he influence of the printing direction exclusively by the changes of

allowable fiber orientations, neglecting the anisotropy induced by layer
dhesion [39].
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Fig. 1. (Left) Flow chart of the proposed workflow: Starting from an initial design and mechanical loading; Step 1 : multiple designs with different material pairs are optimized,
one of them on the Pareto front (of compliance v/s CO2 footprint) is selected as starting point to the next step, fixing the material to be used; Step 2 : for the selected material
air, multiple designs related to various print setting are optimized, one of them on the Pareto front (of compliance v/s Printability score) is selected as the final optimized design;
t the end, design workflow gives an optimized material selection, topology, fiber orientations and printing direction. (Right) Flowchart of the topology optimization problem

using CFAO integrated SIMP interpolation scheme. Each data point on the design work flow corresponds to a run of the given topology optimization problem.
Fig. 2. Reference frames for the fiber orientation definition. 𝜑1 and 𝜑2 are the Euler angles of the printing direction vector.
2.2.2. Filtering
As mentioned in Sections 1.2.1 and 1.2.2, filtering is necessary

for density variables, to ensure mesh-independence & avoid checker-
boarding, and for fiber orientations, to regularize the orientations and
4 
create a better printable structure. In our work, we filter the sensitivi-
ties corresponding to density variables instead of variable themselves,
while the fiber orientations variables are directly filtered as in Ypsilan-
tis et al. [40]. Both filters are two separate convolution filters (2) and
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(5), respectively. The filters are also adjusted to reduce the contribution
from void elements.
[

𝜃𝑒
�̃�𝑒

]

= 1
∑

𝑖 𝐻
𝜃
𝑒𝑖𝜌𝑖

∑

𝑖∈𝛺
𝐻𝜃

𝑒𝑖𝜌𝑖

[

𝜃𝑖
𝛼𝑖

]

, 𝐻𝜃
𝑒𝑖 = max(0, 𝑟𝜃 − 𝛥(𝑒, 𝑖)) (5)

2.2.3. Material modeling
The materials are modeled as transverse isotropic with fibers aligned

with the local 𝑥 axis, suitable for matrices reinforced by unidirectional
fibers. This type of material can be characterized by five independent
elastic constants: longitudinal Young modulus 𝐸𝑥, transversal Young
modulus 𝐸𝑦, in-plane Poisson’s ratio 𝜈𝑥𝑦, out-of-plane Poisson’s ratio
𝜈𝑦𝑧, and in-plane shear modulus 𝐺𝑥𝑦.

These elastic constants are obtained from the application of the rule
of mixtures in a 2-phase (fiber/matrix) micromechanical model. This
model is shown to provide results that can work as a fair approximation
even for composites of natural origin [41,42]. For a fiber volume
fraction of 𝑉𝑓 , the material in-plane constants are written as (6)–(9),
where 𝐸𝑓 , 𝜈𝑓 , 𝐺𝑓 are fiber properties and 𝐸𝑚, 𝜈𝑚, 𝐺𝑚 are matrix
properties. Moreover, a 3D symmetry constraint is introduced so that
𝜈𝑦𝑧 is defined by (10) [43].

𝐸𝑥 = 𝐸𝑓𝑉𝑓 + 𝐸𝑚(1 − 𝑉𝑓 ) (6)

𝐸𝑦 =
𝐸𝑓𝐸𝑚

𝐸𝑓 (1 − 𝑉𝑓 ) + 𝐸𝑚𝑉𝑓
(7)

𝜈𝑥𝑦 = 𝜈𝑓𝑉𝑓 + 𝜈𝑚(1 − 𝑉𝑓 ) (8)

𝐺𝑥𝑦 =
𝐺𝑓𝐺𝑚

𝐺𝑓 (1 − 𝑉𝑓 ) + 𝐺𝑚𝑉𝑓
(9)

𝜈𝑦𝑧 = 𝜈𝑥𝑦
1 − 𝜈𝑥𝑦

𝐸𝑦
𝐸𝑥

1 − 𝜈𝑥𝑦
(10)

The constitutive matrix 𝑪 for transverse isotropic materials is given
by (11) in the local coordinate system. The material orientation with
respect to the global coordinates (see Fig. 2) is obtained from successive
rotations around the 𝑥 axis using the rotation matrix 𝑻 𝒙(12) and around
𝑧 using 𝑻 𝒛(13).

𝑪 =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

1
𝐸𝑥

− 𝜈𝑥𝑦
𝐸𝑥

− 𝜈𝑥𝑦
𝐸𝑥

0 0 0

− 𝜈𝑥𝑦
𝐸𝑥

1
𝐸𝑦

− 𝜈𝑦𝑧
𝐸𝑦

0 0 0

− 𝜈𝑥𝑦
𝐸𝑥

− 𝜈𝑦𝑧
𝐸𝑦

1
𝐸𝑦

0 0 0

0 0 0 2(1+𝜈𝑦𝑧)
𝐸𝑦

0 0

0 0 0 0 1
𝐺𝑥𝑦

0

0 0 0 0 0 1
𝐺𝑥𝑦

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

−1

(11)

𝑻 𝒙(𝜙)

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

1 0 0 0 0 0
0 cos2 𝜙 sin2 𝜙 −2 sin𝜙 cos𝜙 0 0
0 sin2 𝜙 cos2 𝜙 2 sin𝜙 cos𝜙 0 0
0 sin𝜙 cos𝜙 − sin𝜙 cos𝜙 cos2 𝜙 − sin2 𝜙 0 0
0 0 0 0 cos𝜙 sin𝜙
0 0 0 0 − sin𝜙 cos𝜙

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(12)

𝑻 𝒛(𝜙)

=

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎣

cos2 𝜙 sin2 𝜙 0 0 0 −2 sin𝜙 cos𝜙
sin2 𝜙 cos2 𝜙 0 0 0 2 sin𝜙 cos𝜙
0 0 1 0 0 0
0 0 0 cos𝜙 sin𝜙 0
0 0 0 − sin𝜙 cos𝜙 0

sin𝜙 cos𝜙 − sin𝜙 cos𝜙 0 0 0 cos2 𝜙 − sin2 𝜙

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(13)
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The general rotated constitutive matrix 𝑪𝒙𝒚 𝒛 in the global coordi-
ate system for an element 𝑒 is written from the material constitutive
atrix 𝑪 as (14), where 𝜑1 and 𝜑2 are the Euler angles of a coordinate

ystem with 𝑧 axis aligned to the printing direction.

𝑪𝒙𝒚 𝒛(𝛼𝑒, 𝜃𝑒) = 𝑻 𝑪 𝑻 𝑻 , 𝑻 (𝛼𝑒, 𝜃𝑒) = 𝑻 𝒙(𝛼𝑒)𝑻 𝒛(𝜃𝑒)𝑻 𝒙(𝜑2)𝑻 𝒛(𝜑1) (14)

The Euler angles are the same for all elements for a given printing
direction and are defined by (15) and (16), where 𝒏 = [𝑛𝑥, 𝑛𝑦, 𝑛𝑧]𝑇 is
the printing direction unit vector.

𝜑1 = − ar ct an 𝑛𝑥
𝑛𝑦

(15)

𝜑2 = − ar ct an

√

𝑛2𝑥 + 𝑛2𝑦
𝑛𝑧

(16)

The final material orientation of an element 𝑒 is obtained by a
rotation of 𝜃𝑒 around the current 𝑧 axis, in such a manner that the fibers
lie on the plane normal to the printing direction vector. To generalize
the transformations for the free orientated fibers, an additional rotation
of 𝛼𝑒 around the new 𝑥 axis can be performed. In this case, the angles
𝜑1 and 𝜑2 can be set to zero and the design variables will represent the
iber orientation in the global coordinate system.

2.2.4. Sensitivity analysis
As to use a gradient-based algorithm, it is necessary to calculate sen-

sitivities of the objective function with respect to the design variables.
For densities, the sensitivity for each load case is obtained from the
elemental strain energy, which is directly retrieved from Ansys, using
(17).
𝜕 𝑐𝑖
𝜕 𝜌𝑒

= −𝑝 𝜌𝑝−1𝑒 𝒖𝑻𝒆,𝒊 𝒌𝟎 𝒖𝒆,𝒊 = − 𝑝
𝜌𝑒

𝒖𝑻𝒆,𝒊 (𝜌
𝑝
𝑒 𝒌𝟎) 𝒖𝒆,𝒊

⏟⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏟
2 × elemental
strain energy

(17)

The sensitivity on the orientation in (18) depends on 𝜕𝒌𝟎∕𝜕 𝜃𝑒, which
is not directly accessible in Ansys and has to be integrated from the
train–displacement matrix 𝑩 and the constitutive matrix 𝑪𝑥𝑦𝑧 using
19). The integrals are evaluated with 2-point Gaussian quadrature,
hich is exact for the chosen element formulation, which is linear in
ach natural coordinate. The procedure for 𝛼𝑒 is analogous.
𝜕 𝑐𝑖
𝜕 𝜃𝑒

= −𝜌𝑝𝑒 𝒖𝑻𝒆,𝒊
𝜕𝒌𝟎
𝜕 𝜃𝑒

𝒖𝒆,𝒊 (18)

𝜕𝒌𝟎
𝜕 𝜃𝑒

= ∭ 𝑩𝑻 𝜕𝑪𝒙𝒚 𝒛
𝜕 𝜃𝑒

𝑩 𝑑 𝛺𝒆,
𝜕𝑪𝒙𝒚 𝒛
𝜕 𝜃𝑒

= 𝜕𝑻
𝜕 𝜃𝑒

𝑪 𝑻 𝑻 + 𝑻 𝑪 𝜕𝑻 𝑻

𝜕 𝜃𝑒
(19)

The final sensitivities are then computed from the individual load
ases using (20), obtained by differentiating the objective function 𝐶 =
∑

𝑖 𝑐
𝑝
𝑖 )

1∕𝑝.
𝜕 𝐶
𝜕 ⋅

=
∑

𝑖∈𝐿𝐶
𝑐𝑝−1𝑖 𝐶1−𝑝 𝜕 𝑐𝑖

𝜕 ⋅
(20)

2.2.5. Implementation
The flowchart provided in Fig. 1 schematizes the implementation

of the current optimization method. It uses the Method of Moving
symptotes (MMA) [44] as optimization algorithm. Additionally, a

continuation method is applied on the penalization factor 𝑝 to improve
the quality of the converged solutions. Instead of fixing it throughout
he whole optimization, it starts at 𝑝 = 1 and is increased each time
 convergence in compliance is achieved. The stopping criterion for
he continuation is the greyness level of the design [11], i.e., when the
raction of elements that are neither void nor filled is below a certain

level.
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The finite element analysis step calls the Ansys linear solver via
the PyMAPDL interface [45], allowing a straightforward creation of
the mesh and the boundary conditions, which can be time-consuming
to perform by hand for complex geometries. The global stiffness ma-
trix assembly step is then abstracted, but the algorithm is still de-
pendent on the elemental stiffness matrices 𝒌𝟎. The implementation
assumes an 8-node brick element with three degrees of freedom on
each node (Ansys element type SOLID185) whose shape functions 𝑁𝑖
and strain–displacement matrix 𝑩 are explicitly computed inside the
algorithm.

2.3. CO2 footprint assessment

The environmental impact of the structure is measured in terms of
the mass of CO2 emitted during material production CO2,𝑚𝑎𝑡 and during
its use CO2,𝑢𝑠𝑒. The value used to compare different designs is the total
footprint CO2,𝑡𝑜𝑡.

The impact of material production is calculated following the
methodology proposed by Duriez et al. [3], adapted to composite
materials. It depends on the total mass 𝑀 and the CO2 intensity of
the material CO𝑖

2,𝑚𝑎𝑡 (mass of CO2 emitted per mass of material). Its
expression for a fiber reinforced composite is given by (22), where 𝜌𝑓
is the fiber density, CO𝑖

2,𝑓 is the fiber CO2 intensity, 𝜌𝑚 is the matrix
density, CO𝑖

2,𝑚 is the matrix CO2 intensity, and 𝑉𝑓 is the fiber volume
fraction in the composite material.

The impact of the use phase is calculated as the emissions that
would be saved if the component was lighter. Reducing the mass by
1 kg in a long-distance aircraft leads to a reduction of 98.8 tCO2 during
its lifetime [3].

CO2,𝑡𝑜𝑡 = CO2,𝑚𝑎𝑡 + CO2,𝑢𝑠𝑒 (21)

CO2,𝑚𝑎𝑡 = 𝑀 ⋅ CO𝑖
2,𝑚𝑎𝑡 = 𝑀 ⋅

𝜌𝑓 𝑉𝑓 CO𝑖
2,𝑓 + 𝜌𝑚 (1 − 𝑉𝑓 ) CO𝑖

2,𝑚

𝜌𝑓 𝑉𝑓 + 𝜌𝑚 (1 − 𝑉𝑓 )
(22)

CO2,𝑢𝑠𝑒 = 𝑀 ⋅ 98.8 t CO2∕k g (23)

Please note that the compliance optimization problem almost al-
ways utilizes the maximum allowed volume, which makes the CO2 foot-
print assessment primarily a matter of material selection (see Fig. 6).
For future research, it would be valuable to fully integrate the CO2
ootprint using an optimization framework capable of accommodating
iscrete parameters, such as material selection.

.4. Printability

In this work, the printability evaluation takes in account only the
ecessity of adding support material during the printing, following
he approach presented by Gaynor and Guest [46], extended to three
imensions.

For each element 𝑒, its overhang support neighborhood set 𝑁𝑆
𝑒 is

efined as the set of the elements below 𝑒 that are capable of providing
upport to it during the printing process. 𝑁𝑆

𝑒 is composed by the
lements whose centers are inside the spherical cone depicted in Fig. 3,
efined by the printing direction, the radius 𝑟𝑆 , and the minimum self-
upporting angle 𝜃𝑠𝑢𝑝, that is the minimum angle with respect to the
rinting plane for which the layers can grow without requiring support
aterial.

The printability of en element 𝑒 is measured by the support variable
𝑆
𝑒 , defined by Eqs. (24), (25), (26), where 𝛽𝑇 is the thresholding
eaviside parameter, ℎ is the average element side length, and 𝜇𝑆

𝑒 is
he average support provided by its neighborhood. The threshold 𝑇
s defined so that the printable elements have at least 𝑟𝑆∕ℎ elements
roviding support to them, which is the number of elements that make
p a radius of 𝑁𝑆

𝑒 .

𝜌𝑆 =
t anh(𝛽𝑇 𝑇 ) + t anh(𝛽𝑇 (𝜇𝑆

𝑒 − 𝑇 ))
(24)
𝑒 t anh(𝛽𝑇 𝑇 ) + t anh(𝛽𝑇 (1 − 𝑇 ))

6 
Fig. 3. Overhang support neighborhood set 𝑁𝑆
𝑒 .

𝑇 = 3
2𝜋(1 − sin 𝜃𝑠𝑢𝑝)

ℎ2

𝑟2𝑆
(25)

𝜇𝑆
𝑒 = mean

𝑖∈𝑁𝑆
𝑒

(𝜌𝑖 ⋅ 𝜌𝑆𝑖 ) (26)

As the value of 𝜌𝑆𝑒 depends on 𝜌𝑆𝑖 of all elements 𝑖 ∈ 𝑁𝑆
𝑒 , the

alculation has to be done layer by layer, which can be computationally
expensive since it is hard to parallelize. Finally, a printability score 𝑃
or the structure is defined in (27) as a weighted average of 𝜌𝑆𝑒 over all
lements.

= mean
𝑒∈𝛺

(𝜌𝑒 ⋅ 𝜌𝑆𝑒 ) (27)

3. Results and discussion

The studied problem is the General Electric (GE) jet engine bracket
challenge announced in the GrabCAD Community website in 2013 [47].
The initial domain was divided in a mesh with 37 000 hexahedral
elements and two load cases: (1) a 35 586 N vertical force and (2) a
37 810 N horizontal force (see Fig. 4). All elements in the regions where
the boundary conditions are applied are set to 𝜌𝑒 = 1.

For all optimizations, 𝑟𝜌 = 5 mm, 𝑟𝜃 = 7 mm, 𝑟𝑆 = 1.5 𝑟𝜌 = 7.5 mm,
𝜃𝑠𝑢𝑝 = 45◦, 𝛽𝑇 = 25, and 𝑛 = 8. The convergence criterion for the com-
liance is relative change inferior to 0.5% and the stopping criterion for

the continuation is greyness level inferior to 30%, with elements being
onsidered grey if their densities are between 0.1 and 0.9. To compare
esigns that converged at different penalization factors, all compliance
alues are presented after a correction to the equivalent compliance for
= 3.

Due to the non-convexity of the optimization problem, the results
re strongly dependent on the initial orientations. To not favor any
articular orientation from the start, the initial orientation of each
lement was randomly chosen, which is a fair heuristic to be used when
he best condition is not known [32].

Each data point presented in the next sections represents the opti-
ization results for a single parameter set. Appendix shows a represen-

tative example of convergence, as most of them converged after around
0 iterations.

.1. Material selection

In the material selection step, all the possible combinations of fibers
nd polymers (fiber volume fraction 𝑉𝑓 = 50%) in Table 1 were fed into
he algorithm in Fig. 1, with maximum volume fraction of 𝑓 = 0.2 and
rint direction +𝑧. They are also compared to an optimized isotropic
esign with aluminum 2024 (𝐸 = 70 GPa, 𝜈 = 0.3, 𝜌 = 2765 k g∕m3,

CO𝑖 = 8.67 kg CO /kg).
2 2
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Fig. 4. GE bracket finite element model and two load cases selected from the original challenge [47]. The geometry was simplified to reduce the necessary number of elements.
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able 1
Properties of available materials, taken as average values from Ansys Granta EduPack
material database [48].

Material 𝜌 𝐸 𝜈 CO𝑖
2

(kg/m3) (GPa) (kg CO2/kg)

Fibers

Bamboo 700 17.5 0.39 1.0565
Flax 1470 53.5 0.355 0.44
Hemp 1490 62.5 0.275 1.6
HM Carbon 2105 760 0.105 68.1
S-Glass 2495 89.5 0.22 2.905

Polymers
PLA 1255 3.45 0.39 2.28
PETG 1270 2.06 0.403 4.375
Epoxy 1255 2.41 0.399 5.94

Fig. 5. Compliance versus material production footprint CO2,𝑚𝑎𝑡 of the optimized
designs, grouped by fiber type. Shapes represent the matrices, which introduce similar
compliance and footprint changes for all fibers.

Fig. 5 presents the footprint of the material production phase CO2,𝑚𝑎𝑡
of each of the materials, showing a large gap between the natural
fibers and carbon fiber/aluminum. Hence, natural fibers may provide
an expressive reduction on environmental impact for use cases where
the material production has a more important contribution to the total
impact.

This is not always the case since in an aeronautical context, for
example, the impact of the use phase is orders of magnitude superior
to the impact of the production phase, as observed when comparing
the scale of CO2,𝑡𝑜𝑡 in Fig. 6 and CO2,𝑚𝑎𝑡 in Fig. 5. Consequently,
the CO2 footprint is driven by the total mass making the specific
mechanical properties more relevant than the CO2 intensity. Herein,

as 𝑓 is fixed, 𝜌 is the main contributor to the environmental impact b

7 
Fig. 6. Compliance versus total footprint CO2,𝑡𝑜𝑡 of the optimized designs, grouped
by fiber type. Shapes represent the matrices, which introduce similar compliance and
footprint changes for all fibers.

and the low density natural materials show the lowest CO2,𝑡𝑜𝑡. The
main disadvantage of this type of material is their lower stiffness, here
observed as higher compliance values.

There is also a clear separation of the matrix and reinforcement
contributions: for the matrices, one can note that PLA is the most
Pareto-efficient in simultaneously minimizing compliance and foot-
rint; for the fibers, carbon presents the lowest compliance, bamboo
resents the lowest emissions, and the other natural fibers place in
etween. Results show that, as expected, the final topology depends
n the material, especially on the 𝐸𝑥∕𝐸𝑦 ratio (see Fig. 7).

Although there are multiple Pareto-optimal materials, the flax/PLA
omposite was chosen for the next step of the workflow because of

its balance between compliance and footprint. These results show that
 careful evaluation of the available materials can help obtaining a

substantially more eco-efficient structure. Note that other metrics for
material selection can be implemented, such as cost, availability, and
others. Leaving the volume fraction constraint 𝑓 as a variable can also
rovide a more detailed overview for the selection.

All analyses in this step were performed considering the same
rinting direction, but it also has an influence on the compliance. The
ext section presents a study on the extent of this influence and on the
pplicability of using two separate steps.

.2. Printing direction

A first analysis of the effect of the printing direction was carried out
y comparing the compliance and printability score of flax/PLA designs
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Fig. 7. Isosurfaces of density 0.55 for different materials. The optimized shape is dependent mainly on the material 𝐸𝑥∕𝐸𝑦 ratio.
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Fig. 8. Isosurfaces of density 0.55 for each printing direction. The optimized topology
s similar for all directions, if compared to the variations observed in the previous step.

able 2
Compliance (combined and single load cases) and printability of optimal designs for
each printing direction. Best directions are highlighted in red: +𝑦 presents the lowest
compliance, while +𝑧 presents the highest printability.

Printing Compliance (104 N mm) Printability

direction Combined Load case 1 Load case 2 score (%)

Free 33.86 32.99 27.48 –
+𝑥 32.53 32.13 24.20 70.3
+𝐲 26.38 25.71 21.38 18.8
+𝐳 27.34 26.80 21.54 73.7

optimized for free fibers and for traditional printing along the axes +𝑥,
+𝑦, and +𝑧. Fig. 8 and Table 2 summarize the optimized results for each
case.

The four topologies are similar, indicating that the compliance dif-
ferences are indeed a consequence of the fiber placement. Directions +𝑦
and +𝑧 present lower compliance due their increased fiber continuity,
.e., the domain is divided in less layers that can be printed using
onger fiber paths (see Fig. 9). A secondary effect is the presence of
ibers aligned to the external force in the dominant load case (case 1
erein, which presents higher compliance). For the +𝑦 direction, these
ibers can work in tension instead of bending, leading to a lower overall
ompliance.

Furthermore, the addition the 𝜶 variables had a negative impact
n the performance of the obtained solutions. The additional freedom
f the design space is counterbalanced by the presence of many local
ptima, leading to worse results even though it has a larger design
pace. Due to the lack of constraints to the design variables, orientations
t nearby regions can align to different directions in the first iterations,
 m

8 
hich later converge to fibers that do not follow the load path, as
xemplified in Fig. 10. This issue can be assessed by the fiber path
eneration during post-processing, but the result remains suboptimal.

It is then clear that the choice of printing direction is a major param-
ter to be optimized. Fig. 11 shows the compliance and the printability
core for several printing angles in the 𝑦𝑧 plane: 0◦ corresponds to the
𝑦 direction and 90◦ corresponds to the +𝑧 direction.

For this geometry and minimum self-supporting angle configura-
ion, there are multiple Pareto-optimal directions (see Fig. 12). The
inal choice depends again on the desired trade-off of those properties,
hich may require the cost evaluation of support material placement,

or example.
This result shows that, as expected, the printing direction sub-

tantially influences the performance and manufacturability of the
ptimized geometry. Also, more design freedom does not guarantee bet-
er results, highlighting the importance of carrying a careful parametric
tudy along with proper design space restrictions in order to achieve a
ore practical design.

. Conclusions

There is an evident separation of the roles of both steps in achieving
he optimized results. The material selection step provides a more
ffective trade-off between stiffness and eco-efficiency. In the same
ein, from the Pareto front optimals, we learned that natural bamboo
ibers are recommended for superior eco-efficiency and carbon fibers
or greater stiffness. On the other hand, flax and hemp fibers can offer a
alanced compromise. However, for matrix materials, PLA outperforms
ETG and epoxy in terms of both stiffness and eco-efficiency. The
elected eco-efficiency in the first step remains almost unchanged in the
econd step since the compliance minimization problem seeks to use all
he material allowed by the volume fraction constraint. The next step
f printing direction selection sets a compromise between compliance
nd printability. For our example, we learned that printing in the +z
nd +y directions provides stiffer optimized designs than printing in
he free or +x directions. Also, +z direction printing design surpasses
y direction one in terms of printability.

The proposed workflow defines these sequential steps as much inde-
endent as possible, reducing the procedure’s complexity. These steps
ase decision-making in designing while using fewer optimization runs.
he end result of the workflow is the optimized material selection, fiber
rientations, topology and printing direction. A final post-processing
sing a streamlining algorithm can generate smooth fiber paths before
he tool-path generation.

As the LCA is currently being performed only during the material
election, future research may extend the framework by quantifying
he impact of different manufacturing configurations. For this purpose,
he current environmental and manufacturability analyses can be easily
laborated by including new parameters of the product life cycle and
anufacturing processes.
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Fig. 9. Optimized fiber distribution, obtained from the elemental orientations by integration using a streamline finding algorithm. Each color represents a layer of the final print.

Fig. 10. Fiber orientations at each non-void element in the design optimized with free fibers. Coloring uses the (𝑥, 𝑦, 𝑧) components of the orientation vector as RGB components:
green elements are mostly aligned with the 𝑦 axis and blue elements are aligned with the 𝑧 axis.

Fig. 11. Compliance and printability of the optimal design as a function of the printing angle (inside 𝑦𝑧 plane). Fibers are colored by height from the bottom plate. The printability
peaks agree with the directions that make the main structural features self-supported.

9 
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Fig. 12. Pareto-optimal printing angles for compliance minimization and printability maximization. Elements in black are self-supported and elements in red require additional
support material to be printed.
Fig. A.13. Compliance and penalization factor history. Discontinuities in the isosurfaces of density 0.55 indicate the presence of low-density grey elements.
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Appendix. Convergence analysis

Fig. A.13 shows the objective function and the history of the penal-
ization factor for a flax/PLA design, to be printed in the direction +𝑧.
Convergence is reached after 42 iterations, with 𝑝 = 3 and 16.3% of
grey elements (0.1 < 𝜌𝑒 < 0.9).

Fig. A.14 shows the history of the value of the volume fraction
onstraint function, see the mathematical problem formulation in (4).
he densities are initially set as equal to the prescribed volume fraction
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Fig. A.14. Evolution of the constraint function 𝑉 (𝝆)∕𝑉0 − 𝑓 through the iterations. Material is removed in the first iterations and then slowly reallocated during the following
terations.
𝑓 = 0.2) in all elements, except in the regions near the boundaries,
here the densities are fixed at 1. This leads to a violation of the con-

traint before the first iteration, which is quickly corrected by globally
emoving material, seen in the compliance history as an increase in
ompliance.

ata availability

The code for reproducing all analyses and optimizations is available
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