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Abstract
This paper investigates the interface between structural optimization for anisotropic
materials and modern additive manufacturing methods by presenting and evaluating a
workflow for the design of structures for fused filament fabrication using endless fiber-
reinforced filament. The process chain consists of optimizing the material orientations
and topology of the anisotropic structure simultaneously, non-planar slicing and load-
oriented path planning for additive manufacturing. The design workflow is demonstrated
using an academic example and validated by a more practical example including mounting
regions for bolts and multiple load cases. The results expose requirements for additive
manufacturing of continuously fiber-reinforced structures that have to be considered by
the optimization process for narrowing the gap between optimization results and
simulated performance of the manufactured parts. At the same time, the potential of the
presented workflow for designing parts while taking manufacturability into account is
demonstrated successfully.
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Introduction

Composite materials are widely used for lightweight construction. Especially fiber-
reinforced polymers (FRP) appeal due to their high stiffness-to-weight ratio. Tradi-
tional FRP structures consist of laminates built from stacking unidirectional plies.
Conventional manufacturing methods for FRP like resin transfer molding, automated
winding and placement or autoclave molding strongly depend on forming dies that come
with high manufacturing costs and slow response speeds.1 Additionally, with the higher
demand for composite materials, FRP structures are increasing in geometrical com-
plexity.1 Recent advances in the field of additive manufacturing (AM) apply continuously
fiber-reinforced filaments in fused filament fabrication (FFF) processes,2–5 combining the
desirable material properties of FRP and the design freedom of AM processes such as FFF
without the need for expensive molds and long development cycles.

The manufacturing possibilities introduced by AM of continuous FRP require ad-
vanced design methods to fully utilize the potential of AM methods. Engineers use
structural optimization to generate parts tailored to given design cases while respecting
constraints with respect to, e.g., mass, strength or manufacturing restrictions. Optimi-
zation strategies range from heuristic methods (e.g., genetic algorithms) to gradient-based
algorithms. Especially in the presence of many design variables, the use of gradient-based
algorithms is essential for finding optimized solutions efficiently.6 Therefore, only
gradient-based optimization is considered in the following.

The traditional topology optimization as introduced by Bendsøe7 is a robust and
efficient method to optimize the material distribution of a structure within a given design
space by varying a pseudo-density design variable for each element within a finite element
(FE) mesh. It is widely used for isotropic materials using the SIMP method (Solid
Isotropic Material with Penalization).8 This method is not sufficient for optimizing
anisotropic materials, as the material orientation is not considered. For structures subject
to a single load case, the maximum principal stress directions (PSD) provide optimal
anisotropic material orientations.9 However, this approach is not generally applicable in
the presence of multiple load cases and leaves potential of finding suitable orientation
fields through numerical optimization.

Many optimization strategies for composites focus on the optimization of layups used
in conventional, i.e. thin-walled FRP structures (see, e.g., the review by Xu et al.10). For
the optimization of conventional laminates, ply orientations, ply thicknesses and
sometimes the number of plies are considered as design variables.11,12 Gürdal et al.13 use
gradient-based optimization to generate variable stiffness laminates by optimizing the
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fiber orientations within each ply, resulting in curvilinear fiber paths. The highest amount
of design freedom in FRP optimization is achieved by simultaneously optimizing the
material distribution similar to the aforementioned topology optimization, and layup-
specific parameters, such as the material orientation within each ply as well as the number
of plies at each point within the layup. A prominent method for such an optimization of
laminated composite shells is the Discrete Material Optimization (DMO) introduced by
Stegmann and Lund.14 However, all of these methods are restricted to composite layups of
shell structures. In consequence, volumetric and continuously fiber-reinforced structures
require other approaches for structural optimization based on continuum element
formulations.

To address optimization of volumetric fiber-reinforced structures, researchers have
successfully combined topology optimization approaches for continuum structures with
the optimization of anisotropic material orientation using either continuous or discrete
candidate orientations.15,16 Papapetrou et al.17 present an optimization method for to-
pology and fiber paths using multiple infill algorithms, projecting fiber paths on the FE
model for compliance evaluation during optimization. Jiang et al.18 developed an ap-
proach for Continuous Fiber Angle Optimization (CFAO) similar to DMO where ori-
entations and material layout within predefined layers are optimized considering
predefined printing orientations. All of these approaches consider only in-plane variations
of fiber angles. This restriction is leveraged by Qiu et al.19 who consider multiple print
planes and build up the final part from several substructures. Results have been man-
ufactured using short carbon fibers which will not be discussed further, as this work
focuses on continuous fibers. Fedulov et al.,20 Jantos et al.21 and Schmidt et al.22 present
methods for the simultaneous optimization of 3D topology and material orientations,
lifting the planar constraint of material orientations. Elaborate filter methods account for
smoothly varying material orientations to minimize the compliance of example structures.
While Jantos et al.21 consider only single load case applications, Schmidt et al.22 extend
their method to multi-load case applications. For an extended overview the reader is
referred to the review by Gandhi et al.23 of topology optimization strategies for additively
manufactured and continuously fiber-reinforced structures. Even though Fedulov et al.20

show manufacturing results for an optimized design using continuous FRP, the opti-
mization is once more restricted to planar 2D fiber orientations, as the design is man-
ufactured using a planar FFF printer. Additionally, the printing paths are generated from
the final CAD contour derived from the optimized topology and do not consider the
optimized orientations directly for the printing paths.

AMmethods enable the manufacturing of intricate optimized structures obtained using
topology optimization. However, AM is not free of manufacturing constraints. Numerous
approaches for incorporating AM constraints into structural optimization have been
proposed under the assumption of isotropic material, for instance, overhang constraints or
build orientation.24,25 These constraints require assumptions about the manufacturing
process, which reduce the freedom of the optimization and manufacturing process at the
same time. AM of FRP, or anisotropic materials in general, introduces additional
manufacturing constraints to be considered by the optimization process that are explored
in following sections. Wong et al.26 discuss design methodologies as well as AMmethods
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for continuous FRP parts. However, most of the methods discussed consider only 2D
solutions repeated in build direction instead of allowing design variations in all three
dimensions. For example, Luo et al.27 optimize fiber paths in 2D limiting fiber path
curvature and the formation of gaps or overlaps through optimization constraints. The 3D
orientation fields showing out-of-plane orientations for continuous FRP require advanced
AM methods for fabrication, as the optimal material orientations do not lie in parallel
planes.21 Furthermore, non-planar slicing methods are necessary to orient the slices along
these out-of-plane directions. The most prominent method of computing the constituting
layers is to obtain them as isolayers of scalar fields.3,28–31 A similar method using isolines
is often applied to non-planar path planning.28,30–32

To the author’s knowledge, only few research works are available that focus on the
combination of structural optimization of FRP and non-planar AM. The optimization
method presented by Luo et al.33 includes manufacturing constraints with respect to fiber
curvature and fiber volume fraction, and it yields optimized topologies including non-
planar and continuous fiber paths. Their continuity filter requires aligned material ori-
entations to begin with, meaning homogeneous direction of neighboring orientations
throughout the model. This prohibits local 180°-changes of material orientations at any
stage during the optimization. Still, the presented method bridges the gap between
optimization and manufacturing by choosing effective manufacturing constraints for
generating non-planar but continuous fiber paths within the optimized topologies. Fer-
nandes et al.34 apply the work of Papapetrou et al.17 to optimize 2D benchmark problems.
In addition, the parts are manufactured and tested for a validation against numerical results
from FE analyses. However, in order to manufacture and test the parts, the numerically
optimized fiber paths had to be processed for the actual manufacturing setup in order to be
manufacturable. This process involved adaption of path spacing, elimination of sharp
corners as well as connecting closed paths into continuous loops.

The aforementioned publications exhibit deficits in one or multiple of the following
aspects:

· Simultaneous optimization of topology and material orientation
· Consideration of 3D structures not restricted to planar material orientations
· Non-planar slicing for AM
· Path planning following optimized orientations
· Continuous printing paths to effectively use continuous fiber-reinforced filaments
· Numerical validation of printing paths

Therefore, this paper presents a complete workflow for design optimization and path
planning for 3D additively manufactured fiber composite structures. The process chain is
tailored to FFF using continuously fiber-reinforced filaments in contrast to existing
methodologies for laminated composite layups. To analyze the impact of process-specific
manufacturing restrictions on the optimized structures, the influence of different path
planning approaches on the structural performance is validated numerically. The aim is to
evaluate the overall process chain from the initial problem’s design space up until the
printing paths ready for manufacturing.
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The workflow presented in this paper is visualized in Figure 1. First, an approach for
gradient-based structural optimization of continuously fiber-reinforced components is
presented. The material distribution and local orientation is optimized for minimum
compliance. Continuity or homogeneity of material orientations is enforced through a
regularization filter. The optimization algorithm is described in the following section.
Next, the non-planar slicing algorithm is presented. The aim is to slice the optimization
result in a way such that fully connected printing paths match the optimized orien-
tations as closely as possible. Following the slicing, three state-of-the-art path planning
algorithms are applied to generate printing paths on the non-planar slices from the
optimized designs. The slicing and path planning algorithms are presented in the
following subsection. In order to estimate the quality of the printing paths, the paths are
projected back on the optimization model. The compliance is reevaluated using the
projected printing paths and compared to the optimized designs. The approach for this
validation process is discussed in the last subsection of the Methodology section. The
complete workflow is applied to two examples in the third section. The first example is
a rather academic test case for presenting the methodology. The second example
introduces practical considerations into the structural design process. Limits as well as
potentials and aspects for further research of the current workflow are discussed on the
basis of the given examples. The findings are summarized in the last section.

Methodology

The following sections present the individual methods applied for the workflow. Spe-
cifically, the first subsection presents the approach to structural optimization, the next
subsection presents the slicing and path planning algorithms, and the last
subsection discusses the approach for numerically validating the printing paths.

Figure 1. Visualization of the workflow for design and numerical analysis of additively
manufactured FRP structures.
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Structural optimization

This section describes the optimization procedure for designing the volumetric parts. To
ensure the most freedom for the following load-oriented slicing and path planning, an
approach similar to the one presented by Schmidt et al.22 is implemented. This method
optimizes thematerial orientationwithin each element without any restrictionswith respect to
the direction or the following slicing process. The method is outlined in the following.

The basis for the optimization is a finite element model of a given design spaceV. The
objective of the optimization procedure is to find a material distribution and orientation
field within V being as stiff as possible. For that, a gradient-based topology optimization
is combined with a simultaneous optimization of the material orientations on element
level. This is achieved mathematically by minimizing the compliance c or the sum of
compliances ci for nLC load cases. The optimization problem is described by

min
ρe , φe , θe

X
i

ci ¼
X
i

f Ti ui, i2 ½1,…, nLC� (1)

s:t: Kui ¼ f i (2)

V ðρeÞ=V0 � Vcon ≤ 0 (3)

0 ≤ ρe ≤ 1 (4)

� 2π ≤ φe ≤ 2π (5)

� 2π ≤ θe ≤ 2π: (6)

Each element within the discretized design space is assigned three design variables: A
pseudo-density variable ρe and two orientation angles φe, θe. Equation (2) is the linear
system of equations that is solved using the finite element method. It consists of the
system’s stiffness matrix K, the vector of unknown nodal displacements u and the nodal
vector of external loads f. Multiple solutions ui are computed when considering nLC load
cases fi. The stiffness matrix is assembled from the individual element stiffness matrices
Ke. The optimization incorporates the modified SIMP method35 where the element
stiffness matrices are interpolated using the density design variable ρe:

Ke ¼ ρmin þ ρpe 1� ρminð Þ
� �

Ke, 0 (7)

A lower bound ρmin = 1 × 10�9 is introduced to prevent numerical instabilities and p = 3 is
the penalization parameter.The element stiffness matrix Ke,0 is computed from the strain-
displacement matrix Be and the constitutive matrix Ce as follows:

Ke, 0 ¼
Z
Ve

BT
eCeBe dVe (8)

The constitutive matrix Ce describes the stress-strain relationship for the transverse
isotropic material with respect to the global coordinate system. The two orientation design
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variables θe and φe define rotation angles for the material as visualized in Figure 2.
Transformation matrices Tφe and Tθe are formulated to rotate the general constitutive
matrix C0 for the material to the global coordinate system:

Ce ¼ TT
e θe, φeð ÞC0T e θe, φeð Þ (9)

where Te ¼ Tθe Tφe and

Tθe ¼

c2 0 s2 0 sc 0

0 1 0 0 0 0

s2 0 c2 0 �sc 0

0 0 0 c 0 s

�2sc 0 2sc 0 c2 � s2 0

0 0 0 �s 0 c

266666666666664

377777777777775
using

s ¼ sinðθeÞ
c ¼ cosðθeÞ

, (10)

Tφe ¼

c2 s2 0 sc 0 0

s2 c2 0 �sc 0 0

0 0 1 0 0 0

�2sc 2sc 0 c2 � s2 0 0

0 0 0 0 c s

0 0 0 0 �s c

2666666666664

3777777777775
using

s ¼ sinðφeÞ
c ¼ cosðφeÞ

: (11)

The constitutive matrix C0 is commonly written in its inverse form using the Young’s
moduli Ei along axis i, the shear moduli Gij and the Poisson’s ratios νij:

Figure 2. Rotation angles for the transversely isotropic material.
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C�1
0 ¼

1

E1
�ν21
E2

�ν21
E2

0 0 0

�ν12
E1

1

E2
�ν32
E2

0 0 0

�ν12
E1

�ν23
E2

1

E2
0 0 0

0 0 0
1

G12
0 0

0 0 0 0
1

G12
0

0 0 0 0 0
1

G23

26666666666666666666666664

37777777777777777777777775

: (12)

The optimal design for minimal compliance is a fully filled design space. In order to
effectively reduce the weight of the stiffness optimized structure and formulate a rea-
sonable optimization problem, the volume of the optimized design V(ρe) is constrained to
a fraction Vcon of the design space’s volume V0. Additionally, the design variables are
bound by upper and lower limits 0; 1½ � and �2π, 2π½ � for the density and orientation
variables, respectively.

Initial design. Structural optimization yields designs that have to be considered as locally
optimal designs. The outcome of each optimization depends, among other things, on the
initial design, i.e., the initial design variables. A common practice for topology op-
timization subject to a volume constraint (3) is to use the volume fraction Vcon as the
initial value for all density design variables. This approach is followed for all examples
in this study. The maximum principal stress directions (PSD) are considered as the
initial orientation field for the following topology and orientation optimizations. In the
presence of multiple load cases, multiple PSD exist, and the optimal material orien-
tation is not trivially found. In this case the initial orientation field is prescribed as the
PSD for the dominating load case that yields the highest compliance for the initial
design.

Regularization filter. A regularization filter is applied to all variables in order to avoid
mesh-dependency of the solution and checkerboard patterns of the density distribution, as
well as smoothing the orientation field for improved continuity of the optimized material
orientations.8,22 A common filter method is a weighted average on the design
variables35,36 around the center of each element within a given radius r. The filter operator
is given for the generalized filtered variable exi for reference:
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exi ¼ P
j2Ne, i

wijVjxjP
j2Ne, i

wijVj
(13)

The neighborhoodNe, i of element i in equation (13) is defined by the filter radius r, Vj and
xj are the volume and unfiltered design variable of the elements withinNe, i. The weighting
operator

wij ¼ max 0, r � kxj � xik
� �

(14)

is a linear function of the element centers xj and xi.
Alternatively, the filter operation can be formulated implicitly as the solution of the

Helmholtz-type differential equation37:

�r2PDE=
2exþex ¼ x (15)

Wallin et al.38 demonstrated that using homogeneous boundary conditions for the solution
of the differential equation eliminates ”sticking” of the material to the design boundaries.
This approach is similar to the (zero) padding as described by Clausen and Andreassen.39

This PDE-type filtering is applied for all density variables in this paper using the filter
radius r ¼ 2=

ffiffiffi
3

p
rPDE.

In this work, the PDE filter is used for the density variables only. Filtering the ori-
entation variables using the same PDE-based approach poses two problems: Firstly, the
orientation angles are periodic by factors of 2π = 360°. Secondly, the effective stiffness
properties are identical for rotations of π for a transversely isotropic material. Therefore,
the constitutive matrix Ce is identical when using rotations of 0°, 180°, 360°,…,
k 180°, k 2Z. Any filter operating directly on orientation angles would average e.g. two
orientation variables of 0° and 180° to in-between values of 90°, even though the effective
stiffness properties would have been identical and no averaging would have been
necessary. To overcome these problems inherent to the angle variables, the orientations
for each element are first transformed to a unit vector v in Cartesian coordinates, and then
the vector components are filtered separately as proposed by Schmidt et al.22 The
transformations between spherical and Cartesian coordinates with respect to the con-
ventions in Figure 2 are given by

v ¼

cos φ � cos θ

sin φ � cos θ

sin θ

8>><>>:
9>>=>>; (16)

5 ψ ¼
φ

θ

( )
¼

arctan2ðy, xÞ

�arcsinðzÞ

( )
: (17)
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When computing the filtered orientation vectors evi using equation (13), the unfiltered
orientations vj within the neighborhood are replaced by bvj to account for opposite facing
orientations:

bvj vi, vj� �
¼ vi � vjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

vi � vj
� �2q vj (18)

The filtered orientations are transformed back from the Cartesian space to filtered rotation

angles eφe,eθe. The filtered variables eρe,eφe,eθe are substituted for the unfiltered variables ρe,
φe, θe in equations (3), (7) and (9) during the optimization. The filtered variables for
density and orientation after convergence of the optimization are referred to as ρopt and
ψopt, respectively.

Although additional filters for additive manufacturing exist to account for
manufacturing restrictions within isotropic topology optimization, the method presented
in this work does not include any additional filtering in order to reduce the number of
assumptions made in advance regarding the manufacturing process. While the presented
filter restricts the curvature of the orientation field, gaps and overlaps depend on the
actual fiber paths on printing surfaces, both of which are not determined in the opti-
mization stage. Therefore, the presented optimization and path planning workflow does
not address the formation of gaps and/or overlaps during the optimization. This leaves
more freedom for the optimization process as well as the following slicing and path
planning.

Gradients for the optimization. The optimization uses the gradient-based Method
of Moving Asymptotes (MMA) algorithm40 for solving the optimization problem.
The gradient for the compliance with respect to the filtered density variables is given
by

∂c
∂eρi ¼ �peρp�1

i 1� ρminð ÞuT
i K i, 0ui (19)

and the derivatives with respect to the design variables ρj are computed using the chain-
rule and the gradients of (13):

∂c
∂ρj

¼ ∂c
∂eρi ∂eρi∂ρj

: (20)

The sensitivities of the compliance with respect the filtered rotation angle eφi are
∂c
∂eφi

¼ � ρmin þ eρpi 1� ρminð Þ
� �

uT
i

∂K i, 0

∂eφi

ui (21)

where
∂K i, 0

∂eφi

¼
Z
Ve

BT
e

∂T i

∂eφi

T

C0T i þ TT
i C0

∂T i

∂eφi

� �
Be dVe: (22)
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The sensitivities with respect to the design variables φj are again computed by considering
the partial derivatives of equations (13), (16), and (17):

∂c
∂φj

¼ ∂c
∂eφi

∂eφi

∂evi ∂evi∂vj

∂vj
∂φj

(23)

The gradients of the compliance with respect to the second rotation variable θj are
computed similarly.

Result transfer. As the optimized density fields contain intermediate values between 0 and
1, the optimized density and orientation fields are interpreted for the AM processing. An
isosurface is extracted from the density field ρopt so that the enclosed volume matches the
volume constraint (3) of the optimization problem. The surface is remeshed for generating
a smoother and more uniform mesh using Voronoi clustering.41 From this surface mesh, a
solid tetrahedral mesh T is created.

The orientations ψopt are transformed to Cartesian coordinates and then projected onto
T using the same filtering technique as described in Section 2.1.2. The resulting solid
model is considered as the baseline model for subsequent evaluations of the optimized
compliance as well as further AM-related processing. The process is visualized in
Figure 3. The orientation field V for the solid optimized design T constitutes the input for
the AM preprocessor described in the following section.

Additive Manufacturing Preprocessor

The solid tetrahedral mesh T generated from the optimized material distribution and the
projected optimized orientations V constitute the input for computing printing paths for
the additive manufacturing process. The algorithms used for the analyses in this paper
were presented by Kipping et al.3,42 and the following section summarizes the core
concepts of each algorithm.

Figure 3. Illustration of the workflow for extracting a tetrahedral mesh from the optimization
mesh that is then used for evaluating the structural performance of the optimized designs as well
as the projected printing paths.
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In order to enable the actual manufacturing on a multi-axis printing machine, the
optimization results have to be converted into machine instructions. These instructions
consist of movement and extrusion commands which result in the desired part geometry
and composition. This resulting part should implement the optimization results as closely
as possible, while still considering the following process-induced requirements and
limitations:

1. Material deposition: Extruded material can only be deposited onto the print surface
or existing material.

2. Low void content: Voids are not completely avoidable in the FFF process, yet
should be kept to a minimum for adequate part quality.

3. Absence of self-intersection: The nozzle’s path should not intersect itself to avoid
nozzle clogging and uncontrolled material deposition.

4. High surface quality and dimensional accuracy.
5. Minimal waste material: Material waste created by purging or excess material

deposition should be kept to a minimum.
6. Collision avoidance: Neither should the printing system collide with itself, nor

should the nozzle collide with the already deposited material when executing the
manufacturing instructions. A collision of the nozzle and printing surface is also
disallowed.

Slicing. The optimization results T and V cannot be used as manufacturing instructions.
Following requirement 5, surfaces constituting the part geometry have to be computed,
which allow the requirement to be fulfilled with every layer serving as the base on which
the subsequent material can be deposited. This process is referred to as slicing and is
typically realized with equidistant and parallel planar layers. As mentioned in Section 1,
non-planar slicing has to be employed in order to align the slices with the material
orientation V, as V generally exhibits out-of-plane characteristics. The slicing process
applied for this work is outlined in the following.

The deposition has to start with a planar layer on the flat printing surface to meet
requirement 1. To still be able to create non-planar slices, the layer height of each slice is
locally varied to incrementally adapt the surface to the desired alignment with V. Due to
the geometry of the deposited bead, the layer height has to be kept within the process
specific bounds [hmin, hmax] in order to fulfill requirement 2 and achieve proper layer
adhesion. In conjunction with requirements 3 and 4, this is the biggest challenge for the
slicing procedure, as the slices cannot self-intersect and have to accurately represent the
desired part geometry. This is the reason why there is a limit to high frequency detail of V
that can be accurately represented in the finished part, as higher detail would require
exceeding these manufacturing requirements. To ensure that this requirement is met, the
preprocessing of V involves smoothing measures which act similar to a low pass filter. As
explained in Section 1, the state-of-the-art approach to allow the slices to align with the
optimal material orientations V employs isosurfaces of a scalar field. By constructing a
scalar field that encodes the directional information of V in its gradient while taking
manufacturing restrictions into account, the isosurfaces constitute the part while not
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violating the requirements 1-4. The following section describes the necessary processing
of V to enable this process.

The field V can exhibit directional ambiguity, meaning that two elements may have the
same orientation but point in opposite directions. While the material properties depend
only on the orientation, this ambiguity has to be removed for successful interpretation of a
field as the gradient of a scalar field. This is achieved by applying a flooding algorithm
over the elements of T . During flooding a wavefront is propagated through the part where
every vector corresponding to an element is reoriented according to its neighbors in the
already flooded region. This method homogenizes the orientation of V in the part. The
orientations, even though ambiguous in direction, have to roughly align in order to ensure
that the reorientation by flooding functions properly. If neighboring elements were to be
approximately orthogonal, no direction can be conclusively decided to be aligned with the
wavefront. To solve this issue, a directionally agnostic smoothing pass is executed, similar
to the orientation regularization as described previously, before flooding is applied. The
described method yields a field with homogeneous direction, yet in the areas where the
wavefront collapses as it meets itself from another direction, the field can remain pointing
on itself. This is especially prominent in torus-like regions around holes. As it is im-
possible to avoid this for some geometries, the next step is aimed at specifically smoothing
the field in these regions.

To remove these few remaining inhomogeneities without negatively impacting the
load-orientation of the field, exclusive smoothing in the inhomogeneous region is re-
quired. This is achieved by applying a weighting factor on the smoothing using the fields
vorticity as an indicator for directional inhomogeneity. The weighting factor ws is
computed as the norm of the vorticity as follows:

wsðeÞ ¼ normð= ×VðeÞÞ (24)

To decrease the sharpness of the selected region borders, these weighting factors are
smoothed themselves before applying them to the smoothing operation on V.

After these preprocessing steps, the process of computing the scalar field and slicing is
performed, which has been described in detail by Kipping et al. and Fang et al.3,30,42 A
short description is given in the following for completeness. The guiding field W is
computed from the resultant V. The fieldW serves as the gradient of the scalar field from
which the slices will be computed. As the slices are required to be tangential to V, W is
constructed to be orthogonal to V in every point and thus could be interpreted as the
normal vector field of the resulting slices. This is achieved by iterating over every element
in T , computing a local average direction of the field vavg in the neighborhood of the
element and computing the cross product with a standard base vector that can be ar-
bitrarily chosen. This method of computing a local average direction constitutes a novel
approach, as only simple global Cartesian directions had been used in previous works.
After solving the Poisson problem, the slices constituting the part are extracted as the
isosurfaces as described by Kipping et al. and Fang et al..3,30,42 Further processing ensures
that the layer height is in a manufacturable range and the parts can be printed onto the flat
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printing surface using support structures. These steps are also described in detail in the
cited sources and will not be described further in this work.

Path planning. Having computed the slices, the next step towards the manufacturing
instructions is the computation of paths within the slices. The path for a surface is typically
divided into contour parallel paths to create the outer shell and satisfy requirement 4 and
the infill path to cover the inner region of each surface. In this work three path planning
methods are applied: The contour parallel first-in-spiral-out (FISO) method, a discrete
load-oriented method (DLO) and the load-oriented and continuous Looping algorithm
(LOOP). All three methods use a fixed number of outer contours and differ only in the
infill method. The two most important measures here are path continuity and load
orientation, which are achieved by the methods to a varying degree. As topology op-
timization is applied in this work which already places material where it is needed the
most, 100% infill is applied in all cases and voids are to be minimized. In the first part of
the following section, the generation of contours and the contour parallel FISO algorithm
is presented after which the two load-oriented infill methods are discussed.

All methods first generate unconnected line segments and then connect them into a
single path for each surface which may contain travel movements. The contour parallel
lines are generated by computing the geodesic distance field f to the surface boundary
and extracting the isolines of this field. The distance field f is computed by solving the
eikonal equation

j=fj ¼ 1 with fjγ ¼ 0 (25)

by use of the heat method.43 These isolines represent the outer contours which then have
to be connected with the infill path. The FISO method utilizes a contour parallel infill, so
the unconnected line segments are isolines of f as well. These are connected to a
continuous path through a measure described by Kipping et al,2 eliminating the need for
travel movements.

For the DLO infill, the unconnected line segments should be oriented along V while
also not creating gaps or voids in the path. The load orientation is achieved similarly to the
slicing procedure by solving a Poisson problem, this time for the triangulated surface
mesh S of each slice. After extracting the isolines of the resulting field, a connecting
method30 is employed which yields subpaths that are connected by travel movements to
form the path for the surface. This method cannot generally yield a continuous path for a
non-convex surface, which is what the Looping method aims to achieve.

Looping can be viewed as a combination of FISO and the DLO method. The con-
struction of loops allows for the FISO rerouting algorithm to be applied to the load-
oriented line segments resulting in a continuous path for a surface. The loop line segments
are computed by extracting the isolines of the load-oriented field at double the path width,
computing the geodesic distance field to these isolines and extracting the loops as isolines
of the distance field.
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The last step in generating the manufacturing instructions is the connection of the
subpaths of each layer into a global path. In this step collisions are checked and further
post-processing is applied.

In conclusion, the preprocessing steps described in this section aim at transforming the
tetrahedral mesh T and the optimized material orientations V into executable machine
instructions. The trade-offs in this process mainly lie in the partial representation of high
frequency detail in V and the deviations created when the solving of the Poisson problems.

Feedback of printing paths for validation

After computing the printing paths for the additive manufacturing, the paths are compared
to the optimized design numerically. The feedback and comparison procedure is outlined
in the following section.

The printing paths resulting from the previously presented path planning algorithms
are projected back onto T , once more using the local averaging process described in the
regularization filter subsection. The filter radius is chosen as half of the path spacing,
yielding an initial filter radius of 0.25 mm for a path spacing of 0.5 mm. Whenever no
orientation is found for an element in T , the filter radius is increased by 0.025 mm until an
orientation is extrapolated to each element in T . This happens at the outermost elements
of the mesh or in thin regions where no paths were generated. Thereby, manufactured
material may be assumed in regions where no paths were planned. Additionally, this
extrapolation process ignores potential gaps that might occur during manufacturing.
However, such stochastic manufacturing defects are out of scope for the current study and
therefore, full material is assumed everywhere within the optimized topology. This in-
creases the numerically determined stiffness for models generated from the printing paths.
The resulting compliance may be considered as a lower bound for the designs, as the
actual compliance considering less material would be higher.

The extrapolated printing paths within T are transformed to orientation angles using
equation (17). This operation yields three additional orientation fields corresponding to
the path planning algorithms. Overall, four structures based on the optimized topology T
are analyzed and compared, considering different material orientations for the anisotropic
material.

Numerical examples

The following section presents two examples to showcase the workflow for designing and
planning AM parts. All parts are optimized using a volume constraint Vcon = 0.25. The
initial layer height for the path planning is chosen to 0.35 mm and the path spacing is set to
0.5 mm. The compliance of the optimized and smoothed designs is compared to the
designs using the projected printing paths to estimate the influence of the path planning on
the performance of the structure. The numerical study is performed as a preparation for
physical tests consisting of manufacturing and testing continuously carbon fiber-
reinforced structures. At the current stage of research, no material tests have been
performed using the anticipated non-planar AM plant due to limited availability of the
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material and the specific manufacturing setup being under development. The material
properties considered for the numerical examples are listed in Table 1. The ratio of
stiffness properties is similar to a typical unidirectional carbon fiber-reinforced composite
material.

For comparison, an additional isotropic topology optimization using E = 1, ν = 0.3 for
the material properties is performed for each example. Again, a solid validation model
made of tetrahedron elements is created as described previously. The maximum principal
stress directions (PSD) of the validation model are considered as material orientations for
anisotropic analyses of the isotropically optimized design.

As discussed in the subsection on the initial design, it is questionable to justify a
specific initial orientation different from random orientations or PSD. Especially for
single load case problems, PSD provide a valid starting point. Without considering the
simultaneous topology optimization, the PSD are probably close to a local minimum of
the optimized orientations considering regularization methods for continuous orienta-
tions. During testing of the presented method, no better local minimum has been found for
a given problem using initial orientations different from the PSD of the dominant load
case. Therefore, PSD are considered as the most suitable initial orientation field for all
following anisotropic optimizations.

For brevity, the topologies resulting from isotropic topology optimization are referred
to as the TOPO design, while the designs simultaneously optimized for material ori-
entation and topology are referred to as MOTO (Material Orientation and Topology
Optimization). The printing paths are denominated FISO, DLO and LOOP corresponding
to the path planning algorithm as introduced in the pevious section.

Convergence of the optimization is assumed if the change of design variables, nor-
malized by the upper and lower bounds, or the relative change of the compliance is lower
than 1 × 10�4.

X-bracket

The first structure demonstrates the workflow using a simple test case. The design space
shown in Figure 4 is a rectangular cuboid having a square base of edge length 40mm and a
height of 20 mm. The structured mesh uses linear cube-shaped elements. The number of
elements per direction is 60, 60 and 30 for the x-, y- and z-direction, respectively. The filter
radius for all design variables is chosen to r = 2 mm. The lower corners are supported
against displacement normal to the respective surfaces. The boundary conditions are
applied to 7.5 % of the base edge length for every corner. An upward facing unit load is
applied at the top of the structure and distributed over five percent of the upper surface.

Table 1. Material properties considered for simultaneous optimization of material orientation and
topology.

E1 E2 = E3 ν12 G12 = G13 G23

1 0.065 0.3 0.05 0.045
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The nodes for the boundary conditions and loads are highlighted in Figure 4. The structure
is referred to as X-bracket.

The topologies for the optimized TOPO and MOTO designs are shown in Figure 5(a)
and (b), respectively. As the design case is simple and point-symmetric, so is the TOPO
design. In contrast, the rotational symmetry of the MOTO design is slightly disturbed for
the vertical structure connecting the upper and lower part of the design. This is a result of
numerical effects during the optimization and could be avoided, if symmetry constraints
were considered during the optimization. Material is removed from the legs to the lower
part of the structure in comparison to the TOPO design.

The difference of the optimized topologies shows that the consideration of additional
orientation design variables greatly influences the topology optimization. Numerical
studies based on different initial orientation fields for the orientation variables produced
slightly different designs, however the optimized compliance was similar.

The orientations for all subsequent designs are visualized using colored line segments
for each element. The absolute x, y and z components of the orientations are used as
normalized RGB values for color-coding, respectively. The PSD for the TOPO design are
visualized in Figure 6(a) and the optimized MOTO orientations are shown in Figure 6(b)
for comparison. In both cases the orientations are aligned within the legs of the structure.
The orientations connect the legs at the outer-top regions of the structure smoothly for
both cases. The orientations in the center are aligned with the orientation of the load. This

Figure 4. Design space for X-bracket showing nodes for boundary conditions and loads in blue
and red, respectively.

Figure 5. Smoothed tetrahedral mesh T for a) TOPO design and b) MOTO design of X-bracket.
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creates discontinuities between the leg-connecting regions around the center part of the
structure and the z-aligned orientations in the middle of the structure. These disconti-
nuities pose problems for the slicing and path planning as described in the previous
section, but they are impossible to avoid in 3D-problems. Furthermore, the orientations in
regions for boundary conditions and loads are not restricted to the outer surface of the
structure, contradicting requirement 4 for the path planning algorithm, which demands a
high surface quality, meaning contour-parallel paths for the outer surface of the part.

Figure 7 shows two examples of printing paths computed using the FISO and the
Looping method for the TOPO and MOTO design, respectively. The remaining paths for
the X-bracket are included in Figures 13 and 14 in Appendix A. The paths are visualized
as tubes, however the radius does not exactly match the simulated path width for better
visibility. The plots show that the symmetric property of the input direction field V is not
preserved. The paths are generally aligned within the legs, however turns and twists are
introduced in order to fill the non-planar slices with material. Thereby, the path orientation
deviates from the numerically obtained orientation fields especially in the smaller outer
surfaces on the legs where the path turns around. This deviation is particularly visible on
the top surface, where the circular nature of orientations from Figure 6 around the center
of the structure could not be preserved by the path planning algorithms. The effect of the
path planning on the structural performance is evaluated numerically in the following.

The upper part of Table 2 lists the compliance for both designs based on the PSD and
optimized orientations for the TOPO and MOTO designs, respectively. The MOTO
design using the optimized orientations has a slightly lower compliance than the TOPO
design. After planning printing paths and projecting the paths onto the optimized to-
pologies, the compliance is evaluated considering the different orientation fields resulting
from the printing paths. The results are listed in the lower part of Table 2. Due to heavy
filtering during the slicing and path planning as well as additional measures for meeting
the requirements for the path planning, all AM designs show a significantly worse
compliance compared to the reference designs. The FISO design consistently yields the

Figure 6. a) PSD for TOPO design and b) optimized orientations for MOTO design of X-bracket.
The components of the absolute orientation vectors are used as RGB color values for coloring.
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highest and thereby worst compliance, since the given orientations are not considered for
final path planning after the non-planar slicing. Both DLO and LOOP paths improve the
structure’s stiffness, as the paths within the slices follow the orientations passed to the path
planning algorithm. The Looping algorithm produces paths that yield the lowest com-
pliance after projection on the optimized topologies. Except for the FISO designs, the
TOPO designs perform better than the MOTO designs within the numerical comparison.
Compared to the reference designs, the increase in compliance is also smaller for the
TOPO design than for the MOTO designs. Overall, the slight advantage of the optimized
MOTO design over the TOPO design could not be maintained after planning printing
paths. One major reason for this is the more complex topology of the MOTO design,
having more intersections where two or more sections of rather uniform orientations join.
This underlines the supposition that the topology of 3D CFRP structures should consist of
as few different sections and intersections as possible in order to facilitate slicing and path
planning that matches the optimized design.

For this simple single load case example, it was anticipated that the TOPO design using
PSD as material orientations and the MOTO design are of similar performance. The

Figure 7. a) FISO paths for TOPO design and b) LOOP paths for MOTO design of X-bracket.

Table 2. Compliance c of TOPO and MOTO designs for X-bracket using maximum principal
stress directions (PSD) or optimized orientations (OPT) as well as projected printing paths for
material orientations.

TOPO MOTO
Orientations c c

PSD 1 —

OPT — 0.99
FISO 3.43 3.42
DLO 2.33 2.64
LOOP 2.14 2.40
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following example demonstrates a more practical application of the demonstrated process
to extend the evaluation of the MOTO and subsequent path planning methods.

L-bracket

The second example introduces multiple load cases as well as functional regions for the
application of boundary conditions and loads. The meshed design space is shown in
Figure 8. The structure is referred to as L-bracket, as its design space resembles the shape
of the letter L. Two holes are included in the design space for mounting the structure (top
hole) and application of loads (bottom hole). Three load cases are considered: The
dominating load case is a downward facing load of magnitude 1 in negative z-direction,
distributed over the top surface of the bottom hole. Two additional loads of magnitude
0.1 act in positive x- and negative y-direction. The node regions for all loads and boundary
conditions are indicated in Figure 9. The optimization objective is to minimize the sum of
the compliance from all load cases. The filter radius for the optimization is chosen as r =
2.5 mm. Additionally, the density variables around the holes are prescribed to equal 1 in
order to preserve the material at the mounting points. This non-design space is highlighted
in Figure 8. Both regions contribute to the volume of the optimized structure and account
for 9.11 % of the design space’s volume, leaving approximately 16 % of the material to be
distributed during the optimization while fulfilling the optimization constraint of 25 %.

Figure 8. Design space for L-bracket including highlighted non-design space for density variables
where ρe = 1.
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The fiber orientations are free to change in these regions. The initial orientation field for
the simultaneous optimization of material orientation and topology is the field of
maximum PSD from the dominating load case within isotropic analysis of the full design
space.

Figure 10 shows the smoothed topologies as well as the orientations for the TOPO and
MOTO designs. The orientations shown for the TOPO design are the PSD resulting from the
downward-facing load case. The TOPOdesign shows a vertical bar-like connection between
the upper and the lower part of the structure. TheMOTO design has more material shifted to
the vertical portion of the back of the structure where the TOPO design is rather thin. In both
cases the material at the load introduction is oriented along the z-axis, following the
dominating load case. At the upper-back of the structure, the material is aligned parallel to
the y-axis and normal to the back surface. These regions of thin material or orientations
normal to the surface pose problems for the path planning with respect to the requirements
defined the corresponding section, also demonstrated in the previous example.

Printing paths for both designs are once more computed using the three planning
algorithms. Two paths for the TOPO design are visualized in Figure 11. The paths are
computed using the FISO algorithm and the Looping algorithm.

The DLO paths are very similar to the LOOP paths and are included in Figure 15 in
Appendix B for completeness. The superiority of the Looping algorithm with respect to
load-oriented paths is clearly visible when looking, e.g., at the diagonal surface of the
structure. The FISO path shows the characteristic spirals where a lot of material is oriented
parallel to the x-axis and therefore perpendicular to the PSD visualized in Figure 10(a).
The Looping algorithm respects the input field of directions and produces paths that are
much more aligned with the input data. However, all algorithms including DLO fail at
filling the rather thin membrane connecting the upper and lower sections of the structure,
as there is not enough room on the slices within the topology to fit more than a single path.
This leaves an unconnected region, decreasing the structural integrity. The MOTO de-
signs do not exhibit this problem, as all path planning algorithms are able to fully fill the

Figure 9. Nodes for a) load application in z- (left), x- (middle) and y-direction (right) and b)
boundary conditions of L-bracket where nodes in red and blue are blocked against movement in
z-direction, and green nodes are blocked against movement in x- and z-direction.
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design. As an example, Figure 12 shows the printing paths generated using the Looping
method for the MOTO design. The regions around the upper hole are rather similar for all
MOTO and TOPO designs. Differences for the lower hole are visible but generally, the
orientations in parallel to the center axis of the holes provided for the path planning are
traced rather closely except for the outermost surface, where the paths are constrained to
the surface. Again, the DLO paths show similar characteristics to the LOOP paths and are
therefore not displayed and discussed separately here. Instead, the FISO and DLO paths
for the MOTO design of the L-bracket are included in Figure 16 in Appendix B.

The compliance is evaluated as the sum of compliance from each load case, calculated
in the same manner as for the objective function during the optimization. The results for
both topologies are listed in Table 3. In contrast to the single load case application in the
previous example, the assumption was that for the present example subject to multiple
load cases, the optimized orientations should provide an improved design compared to
PSD from a single load case. This is not the case, as the reference TOPO design using the
PSD from load case 1 still yields a slightly better design than the reference MOTO design
having optimized orientations. However, the topology of the MOTO design provided a
better foundation for the path planning, which should show a superior performance in the
numerical analysis of the projected paths.

For the numerical analysis of the printing paths computed from the reference designs,
the paths are once more projected on the tetrahedral mesh T . In order to avoid stiffness
interpolation to account for the voids in the TOPO paths and for simplicity, material
orientations for elements in T without paths passing through them are interpolated from
the surrounding region. This increases the estimated stiffness of the designs artificially

Figure 10. Smoothed topologies T for a) TOPO design and b) MOTO design of L-bracket as well
as PSD from downward-facing load case and optimized orientations, respectively.
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Figure 11. Printing paths for TOPO design of L-bracket computed using a) FISO and b) Looping
algorithm.

Figure 12. LOOP paths for MOTO design of L-bracket.

Table 3. Sum of compliance Σc over three load cases of L-bracket TOPO andMOTOdesigns using
maximum principal stress directions (PSD) from the dominating load case (LC), optimized
orientations (OPT) and projected printing paths for material orientations.

TOPO MOTO
Orientations Σc Σc

PSD 42.4 —

OPT — 45.5
FISO 111.8 100.6
DLO 83.9 77.1
LOOP 82.8 74.6
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and the actual compliance considering the gaps within the paths would be even worse.
Nonetheless, the results in Table 3 show a higher compliance for all TOPO designs using
the projected paths in comparison to the respective MOTO designs. Again, the projected
LOOP paths yield the lowest compliance within the simulation for both designs, closely
followed by the DLO paths. The FISO paths yield a higher compliance of the structures
due to the paths not being aligned with the reference orientations.

Even though the TOPO design using PSD from load case 1 is better than the MOTO
design having optimized orientations, the printing paths for the MOTO design provide
stiffer and therefore structurally better designs in comparison to the TOPO design. This is
mostly due to the simpler topology which lends itself to the path planning algorithms in
order to compute fully connected paths on the slices. Overall, the MOTO process
combined with the Looping algorithm justifies the more involved optimization process for
designing the continuously fiber-reinforced part.

Conclusion

This paper investigates the interface between structural optimization for anisotropic materials
and modern additive manufacturing (AM) methods by presenting and evaluating a workflow
for the design of structures for additive manufacturing using endless fiber-reinforced filament.
Two approaches for optimizing the structures are discussed. The first approach is based on a
typical isotropic topology optimization (TOPO) and using maximum principal stress di-
rections (PSD) as anisotropic material orientations. The second approach applies a simul-
taneous optimization of transversal isotropic material orientations and topology (MOTO),
enforcing continuity of the material orientations through the use of a regularization filter. The
optimized topologies are remeshed as a solid tetrahedral mesh and the orientations for the
MOTO design are projected on the tetrahedral mesh. The smooth designs are then processed
for AM. A non-planar slicing algorithm accounts for the out-of-plane orientations present in
the optimized structures. Three different path planning algorithms are applied to generate
printing paths on the non-planar slices: a robust first-in-spiral-out algorithm (FISO), a discrete
load-oriented method (DLO) and the Looping algorithm (LOOP) for generating continuous
and load-oriented paths. After computing the printing paths, the paths are projected back on
the tetrahedral mesh constructed from the optimized topologies. The projected paths are
considered as material orientations for a final comparison of the printing paths to the reference
designs generated using the two optimization approaches.

The process chain is demonstrated using two examples. The first one is a rather
academic example subject to a single load case. The second example draws inspiration
from the L-bracket optimization benchmark but introduces multiple load cases as well as
holes in the structure for mounting bolts. The numerical examples show that simulta-
neously optimizing the material orientation and distribution yields different topologies
compared to the traditional isotropic topology optimization. For both examples, the
TOPO design using PSD for anisotropic material orientations performs as well as or even
better than the MOTO design. However, in the presence of multiple load cases, the fully
processed MOTO design using LOOP paths shows a better compliance than the cor-
responding TOPO design. This comparison highlights that such a workflow for designing
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parts for AM has to be evaluated from start to finish. An isolated perspective on, e.g., the
optimization results exclusively would not be sufficient.

In every case, the Looping algorithm produces printing paths that yield the lowest
compliance within the FEA in comparison to the FISO and DLO algorithms. Nonetheless,
the discrepancy between the simulation results for the optimized designs versus the
designs using projected printing paths shows the necessity of further refining the indi-
vidual processes as well as the communication between them. For example, minimum
member thickness as well as avoiding intersections of substructures turned out to be
critical in order for the path planning algorithm to follow the optimized orientations as
closely as possible.

Future studies have to investigate whether choosing less-optimal but more aligned
initial orientation fields yield MOTO designs that can be matched more accurately by
the path planning algorithm, as the results from the path planning show that even
though the optimization process has a lot of freedom when only considering con-
tinuity constraints, the resulting paths conflict with requirements from the
manufacturing process, such as contour-parallel paths on the structure’s surface or
limiting path curvature. These constraints can be incorporated into the optimization,
limiting the design freedom but probably improving the agreement of printing paths
with optimized orientations and with that the predictability of the printed structure’s
performance.

Following this theoretical investigation, test structures should be manufactured
and subjected to physical tests to validate the numerical findings. Therefore, material
information from the manufacturing process has to be considered during the opti-
mization process. Eventually, this creates the requirement to refine the material model
in order to reflect the varying fiber volume fraction resulting from varying layer
height of the non-planar slices. Additional process parameters from (simulating) the
manufacturing process such as temperature distribution or heat flow may be in-
corporated for a more refined consideration of the manufacturing process during the
analysis and optimization.
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Appendix

A. X-bracket printing paths

Figure 13. Printing paths for TOPO design of X-bracket computed using a) DLO and b) Looping
algorithm.

Figure 14. Printing paths for MOTO design of X-bracket computed using a) FISO and b) DLO
algorithm.
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B. L-bracket printing paths

Figure 15. Printing paths for TOPO design of L-bracket computed using DLO algorithm.

Figure 16. Printing paths for MOTO design of L-bracket computed using a) FISO and b) DLO
algorithm.
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