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ARTICLE INFO ABSTRACT

Keywords: Effective material utilization in the additive manufacturing of lightweight components is of increasing
Continuous importance. The Looping (Load-oriented optimized paths in non-planar geometry) method presented in this
Path planning work enables the translation of desired material orientations into suitable manufacturing instructions. The
Non-planar desired material orientations are derived from the principal stress directions that would manifest for an
Load-oriented . . . . L. . . .
Multi-axis isotropic material. By employing non-planar slicing, these orientations can be followed by the deposited

material beads. The novel path planning algorithm combines load-orientation and path continuity. While this
can be beneficial for load-oriented printing in general, it is an especially significant step for load-oriented
printing of continuous fiber reinforced polymers. The ability to follow desired material orientations with
continuous paths shows particularly high potential for highly anisotropic fiber reinforced polymers. The
algorithms are implemented and demonstrated in a complete process chain. However, challenges remain in
the optimization of the orientation and manufacturing system for fiber reinforced polymers, which are not
the focus of this work. For this reason, the process chain is realized for a neat polymer. In this context, the
developed method is computationally evaluated with respect to layer height, unfilled areas, manufacturing
time, geometric accuracy, and physical fabrication. The continuous and load-oriented path planning algorithm
is tested against a continuous contour parallel approach and planar slicing through tensile testing. The
investigations show an applicability of the process chain to successfully produce complex parts with the desired
load-oriented paths. The proposed algorithm shows an increase in mechanical performance compared to the
contour parallel approach highlighting its potential for non-planar printing. However, it is also found that
limitations of the non-planar manufacturing process still limit its potential to surpass optimally oriented planar
printing for the investigated geometry.

1. Introduction part manufacturability remains as one of the most challenging prob-
lems in the field of non-planar slicing for FFF. Most state of the art
approaches for non-planar slicing obtain the layers as isosurfaces of a
scalar field [13-15]. The method by which this scalar field is computed
is crucial for the achievable print quality and mechanical performance
of the printed part. Popular choices are the geodesic distance as a

scalar field [16-18] or the vector field of maximum principal stress

The conventional path planning approach for FFF is based on planar
algorithms. The part is sliced with planes horizontal to the build plate
to obtain the surfaces on which path planning is done [1]. As the inter-
layer adhesion represents the weakest bonding [2-4], 2.5D slicing can
result in distinct stiffness losses if the optimal material orientations are
out-of-plane [5]. The inability to align the print- and load-direction

becomes increasingly problematic as fiber reinforced polymers (FRP)
with improved, yet even more anisotropic material properties are being
adopted into additive manufacturing (AM) processes [6-8].

One solution for this shortcoming is non-planar slicing. With this
method, the constituting layers are not flat and parallel to the print bed,
but can assume arbitrary manifold shapes [9]. The optimal material
orientations can include turbulent and divergent regions [10]. These
regions oftentimes result in slices with very high curvatures, which
cannot be manufactured due to collisions and self intersections [11,12].
Bridging the gap between achieving optimal material orientations and
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directions, from which the scalar field is computed by solving a Poisson
or similar equations [11,19-21]. These vector fields are obtained by
finite-element-analysis (FEA). One of the major challenges described in
the literature is the orientational ambiguity, divergence and turbulence
of these vector fields. These properties lead to lower adequacy to the
stress flow, increased computational complexity and numerical errors
of the developed methods. The slicing method from Zhang et al. [12]
assigns different weights to enable to balance the 3 most significant
advantages of non-planar printing. These are support-free printing,

Received 3 January 2024; Received in revised form 25 July 2024; Accepted 9 September 2024

Available online 24 September 2024

2214-8604/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/addma
https://www.elsevier.com/locate/addma
mailto:johann.kipping@tuhh.de
https://doi.org/10.1016/j.addma.2024.104426
https://doi.org/10.1016/j.addma.2024.104426
http://creativecommons.org/licenses/by/4.0/

J. Kipping et al.

surface quality and load-orientation. The model is deformed and layers
are generated using adaptive slicing.

In addition to the slicing, the path planning has to take the desired
material orientations into account as well. The most advanced ap-
proaches project the orientation field onto the slices and solve a Poisson
equation to obtain a scalar field. The isolines of this field can be con-
nected into a load-oriented path. Publications that have followed this
approach include [11,18,20,21] for the non-planar case and [22] for
planar paths. Other possibilities to achieve load-orientation are wave
projection for infill patterns [23] and graph-based approaches [24]
where the amount of possible orientations is severely limited. Further-
more, some approaches combine topology optimization with tracing the
stress directions, which results in uneven spacing [25].

A challenge posed if such methods are to be applied to printing
FRPs is the necessity for a fiber cutting procedure for discontinuities
in the nozzle’s path. The cutting mechanism has to be integrated
into the print head, which is achieved by industrial solutions with
a knife further up the filament path [26,27]. The consequence is a
minimum fiber length of around 40 mm for both systems, making it
impossible to fill small regions with fiber. Furthermore, discontinuities
generally decrease the mechanical performance and print quality of
FRPs as the length of the fibers themselves has a great impact on
strength [28,29]. A further decrease can result from the excessive resin
build-up with uncertain fiber position when cutting the fiber and lifting
the nozzle [30]. In addition to addressing these issues, non-retraction
paths reduce print-time by eliminating the need for travel motions [30].
In this work, the notion of continuity is used in the sense stated above:
A continuous path for a given surface is a non-retraction path that
covers the surface in a single stroke. The problem of complete coverage
of surfaces is closely related to the traveling-salesman-problem and
many variants have been proven to be NP-hard [31]. If retraction
and tracing across already covered areas is not allowed, the method
of connecting adjacent lines followed in [11,18,22] cannot generally
yield a continuous path for any non-convex geometry. This is due to
isolated areas representing dead ends. These correspond to leafs in
the connection graph of neighboring lines, similar to the “bottlenecks”
described in [31]. For contour parallel methods these are the maxima
of the distance transform from the contour and for direction parallel
approaches they correspond to the non-convex regions which cannot
be connect without tracing back. An example of this are the upper and
lower rightmost areas of the surface in Fig. 6 and the lower left area
of the surface in Fig. 7. The reasons stated above clearly show, that a
custom path planning solution enabling load-orientation in conjunction
with continuity is highly desirable.

The most prominent approaches that achieve global continuity use
space-filling curves. Specifically, connected Fermat Spirals [32,33] and
Hilbert curves [34] were used. A method that generates a space-filling
curve with graph theory employs a stochastic optimization method
to avoid self intersection and establish load-orientation [35]. Other
graph based methods achieve full continuity by constructing Eulerian
graphs [30,36], but generally suffer from low resolution. Other graph
based methods include traveling back on edges to achieve continu-
ity [37]. Like the go-and-back method, where the path is generated
by constructing the path with classical methods and double the spac-
ing [38]. This creates two lines for every path, one of which can be
retraced to close the path to full continuity. A similar method was ap-
plied for Honeycomb patterns, which additionally allow to dynamically
adjust infill density [39]. Without increasing intra-layer continuity,
process planning techniques can decrease the number of discontinuities
by finishing several layers of branching sections before continuing with
the other sections [40,41].

Several approaches exist that combine continuity and load-orien-
tation. Most importantly, Fang et al. demonstrate a method in a re-
cent publication, where continuous fiber loops are incorporated in
load-oriented slices [21]. The proposed method shows a pronounced
increase in stiffness and strength. The printed parts exhibit very low
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fiber volume fraction, however, as only some layers were filled with
fibers, which are also spaced far apart inside the layer. Wang et al.
propose a planar algorithm, where continuity is achieved by allowing
for material deposition outside the perimeter in the form of loops,
requiring additional post processing step of cutting away the excess
material [25]. Placing material outside the perimeter allowed to accu-
rately represent the desired material orientations in the planned path,
as no compromise had to be made to ensure continuity. Bedel et al. con-
struct closed loops by applying a stochastic optimization method to a
graph-based approach to form a space-filling load-oriented curve [35].
However, their algorithm struggles to create long continuous segments.
The only claim to a non-planar approach besides [21] is made by Li
et al. [20]. They severely smooth the orientation field until only parallel
lines remain. Additionally, the method is required to have an even
number of intersection points with the boundary contours, to be able to
compute an Eulerian path, which is the basis for their continuous path
planning. An even number of intersection points is only guaranteed
for the case of parallel lines, making their approach inapplicable for
load-orientation.

This paper presents several improvements in continuous and load-
oriented 3D-printing. These are shown on a complete process chain
from virtual to physical geometry. An overview of the computation
steps as well as their in- and outputs can be seen in the flowchart in
Fig. 1. The desired material orientations are derived from an FEA of
a volumetric part assuming isotropic material properties, which is de-
scribed in Section 2.2. The results are then passed on to the slicing and
path planning algorithms for the generation of manufacturing instruc-
tions. The algorithms for the load-oriented non-planar slicing, support
generation, and the continuous and load-oriented path planning are
presented and discussed in Section 2.3 — Section 2.5. Finally, the parts
are manufactured on a robotic 3D-printing machine and the approach
is evaluated using tensile testing, which is described in Section 3 along
with the evaluation of the computational results. The slicing and path
planning algorithms in particular show great potential for the printing
of FRPs. Yet, especially the optimization of material orientations and
the manufacturing system still pose significant challenges to realize
a complete and optimal process for such materials. For that reason
the complete process chain is demonstrated and evaluated using neat
polymer.

2. Materials & methods

2.1. Materials

Fiber reinforced polymers represent the material class where the
highest benefit of load-oriented slicing and path planning is expected,
due to their high degree of anisotropy. As mentioned in Section 1, a
highly dynamic and local variation of layer height in conjunction with
a high flexibility in layer orientation is necessary in order to fabricate
parts with non-planar layers. The ability to achieve such layer height
variations and orientation flexibility together has not been successfully
implemented for FRP printing systems. The material choice is therefore
still limited to neat polymers by the manufacturing process. The tests
are conducted with PLA as the material for the parts. For the FEA the
material is assumed to have a Young’s modulus of 3800 MPa and a
Poisson ratio of 0.35. PVA is used as the support material, which can
be removed by soaking the printed part in water. The parts have to be
dried afterwards, to remove any water absorbed by the PLA. The PLA
is sourced from Easyprint in the color red and the support material is
PrimaSelect™ PVA+ in natural color.
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Fig. 1. Flowchart illustrating the computation pipeline described in this work. Input to the pipeline is the mesh representing the object and the load case, output are the fabrication

instructions.
2.2. Finite element analysis

The goal of the slicing and path planning algorithms presented in
the later sections is to enable taking desirable material orientations into
account. The algorithms therefore require a description of these desired
material orientation as input. Ideally, the desired material orientations
would be generated through the complex modeling and optimization
of the anisotropic and in the case of FRPs inhomogeneous material.
The optimization could even go so far as to model the printing process
itself and iteratively take the results of slicing and path planning into
account. Such modeling and optimization approaches are however not
part of the scope of this work. Instead, like other works that focus
on load-oriented slicing and/or path planning [11,18,19,22,25], the
complexity in finding desired material orientations is strongly reduced.
The slicing and path planning algorithms do not depend on the specific
method used to generate the material direction field though. They could
therefore be combined with a more complex optimization in the future,
which will become increasingly important to fully utilize the potential
of FRPs. As a first step it is assumed that a significant improvement
can already be achieved by aligning the material with the load paths
that would manifest if the part was made from an isotropic material,
especially when considering printing with a neat polymer. Therefore, a
homogeneous, isotropic and elastic material is assumed as a basis. The
desired material orientations are then generated by aligning the printed
fiber strands with the expected maximum principal stress directions
under a given load case.

Input to the computation pipeline can be any mesh. The FEA starts
with the generation of an appropriate mesh 7 by remeshing and
tetrahedralization of the input mesh to ensure consistent edge lengths
and tetrahedra volumes. Allowing arbitrary meshes, makes the pipeline
flexible, as quadrilateral meshes are also very common in structural
optimization and triangular surface meshes are most often used for
3D-printing applications. Topology optimization can be applied in gen-
erating the input geometry to reduce part mass. In the next step,
loads, boundary conditions and the relevant material properties are
defined on the mesh surface. From the mesh and material information,
a global stiffness matrix K is constructed based on the element stiffness
matrices. With the stiffness matrix K, the loads f and other boundary
conditions, the system of equations

Ku=f (€8]

can be solved for u. The vector field u describes the displacements
between the nodal locations of the undeformed reference configuration
and the deformed current configuration resulting from loads and other
boundary conditions. An example of a field u can be seen in Fig. 2 (a).
From the displacement field the strains of the material can be calculated
and linked to the stresses in the material by a constitutive law. For
simplicity a linear elastic model is used in the calculations in this work.

Up to this point the method presented in this work coincides with those
used in previous works [11,18,19,22].

The state-of-the-art approaches for FEA based slicing obtain the
principal stresses [6,,,.. Opigs Omin] and stress directions [z,,,.. Tpigs Tmin]
for every element e € 7 by computing the eigendecomposition of the
stress tensor. The resulting vector fields form the basis for constructing
a guiding field and a load-orientation field. The load-orientation field is
then used in the load-oriented path planning. Critical regions are then
extracted by using a metric calculated from the absolute values of the
principal stresses. In this last step the current approaches come with
two major drawbacks: If the absolute value of the principal stresses is
used like in [11,18,22], no distinction is made between tension and
compression regions. Axial loading of the material beads in tension
is very beneficial for stiffness and strength. However, axial loading
in compression might lead to strength losses due to buckling and
delamination, especially for composite materials [42]. A further issue
is that the fields of principal stress directions have ambiguous orien-
tations. The directions z,,, are therefore inhomogeneously oriented,
meaning that the dot product of vectors of neighboring elements can
be negative. To achieve manufacturable surfaces from the ambiguously
oriented material directions further mitigation measures are neces-
sary. These measures include flooding algorithms, reorienting vectors
in critical regions, filtering and Cartesian rectification [11,18-20,22].
All of these methods require, however, manipulation and smoothing
of the field that inherently leads to a loss of information, which in
turn lowers the load-orientation. The method used in [11] has an
especially high computational complexity of O(n*) with n being the
number of critical regions. Currently, no method capable of generating
manufacturable surfaces from ambiguously oriented direction fields for
arbitrary part geometries is known to the authors that does not include
costly reorientation measures.

To avoid these costly reorientation measures and to distinguish
regions of tension and compression, the approach proposed in this work
differs from the state-of-the-art. A suitable field and metric can be found
in inspecting the intermediate steps of the conventional calculation
pipeline. Note that in the following a Lagrangian approach is chosen.
Alternatively, an Eulerian approach could be taken as well. As stated,
most state-of-the-art approaches including the one presented in this
work utilize a linear elastic material model. However, to not limit the
method more than necessary, linear elasticity can be viewed as a special
case of the Saint Venant-Kirchhoff material, which in turn is a special
case of a hyperelastic material. The discussion is therefore carried
out to be applicable to any homogeneous, isotropic and hyperelastic
material, which includes linear elasticity as one particular choice. For
the assumed homogeneous, isotropic and hyperelastic material, the sec-
ond Piola—Kirchhoff stresses .S can be calculated as an isotropic tensor
function of the symmetric and positive definite right Cauchy-Green
deformation tensor C as

S =G(C). (2)
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Fig. 2. Computation of guiding vector field for an exemplary part. (a) Displacement vector field u, scaled for visibility. Applied load indicated by green arrow, fixed boundary
condition at bottom holes. (b) Regions for the computation of vector fields; Compressive regions in red, tensile regions in blue and cyan, blue is the selected region R,. (c)
Maximum principal direction vector field of U selected by maximum principal value of E. (d) Resulting extrapolated vector field V. (e) Zoomed in area of the vector field V, the
vector field has homogeneous orientation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

C is calculated as the square of the deformation gradient tensor F.
C=F? 3)

The right polar decomposition of F allows for its decomposition into
the orthonormal rotation tensor R and the positive definite symmetric
right stretch tensor U. Using the property R = R, C can therefore be
identified with U, according to the following equation:

C=F>=F'F=U'"RTRU=U"U =U? &)

It can be shown, that the eigenvectors of G(C) are identical to the eigen-
vectors of C [43] (p.194). The square of a symmetric positive definite
matrix has the same eigenvectors as the matrix, so C has the same
eigenvectors as U. Together with Eq. (2), it can therefore be concluded
that the eigenvectors of S and U are identical. By definition, the strain
energy density function of a hyperelastic material can only increase
with an increase in strain. This monotonic relationship between stress
and strain implies that the maximum principal strain and stress direc-
tions are aligned as well. In conclusion, for an isotropic, homogeneous
and hyperelastic material, the principal directions of stress, strain and
stretch are all identical up to orientation. Additionally, which of these
directions corresponds to the maximum of strain or stress respectively is
identical as well. Utilizing this property, the approach proposed in this
work does not use the absolute value of the principal stress directions
as the desired material directions. Instead, the stretch field U is used
to obtain the load-orientation vector field V. Different from strain or
stress this field is directionally unambiguous and therefore serves as a
homogeneously oriented surrogate for the principal stress directions.
Although well suited for ¥V, U is less suited for the region selection.
While the eigenvalues of U have to be positive and are small in domains
of compression, the eigenvalues of the Lagrangian finite strain tensor
E are positive in tension and negative in compression domains. The
distinct sign difference makes the region differentiation easier in E,
which is why it is chosen for the region selection. The stresses could
be chosen as a metric as well, but as was shown this would require
an additional calculation step. The eigenvalues of E will be denoted as
[€max> Emid> Eminl- Only the regions of maximum positive strain are used
for defining the layer orientations. Consequently, the regions where
compression represents the largest absolute value of the principle strain
are taken out of the optimization. The algorithm thus focuses on the
regions of tensile strain. The region defined by these conditions is
denoted as

Ri={e €T lepule) >0 A €pgyle) > kley,, ()]} )

The parameter k represents a threshold value to avoid including regions
where ¢,,,.(e) is too small, which can result in turbulent vectors. It is
chosen as k = 2 for all computations in this work. An example of such
a region can be seen in Fig. 2 (b). The tensile domain is displayed as
cyan and blue, while the region defined by the factor k is the blue area.
It can be clearly seen how only the regions are included where a clear
distinction can be made towards the tensile loading of the cells. Part

(c) of Fig. 2 shows the vectors z,,,. extracted from the field. Similar to
previous approaches, V' is computed by extrapolating the eigenvectors
Vnax(€) belonging to ¢€,,.(e) for e € R, into 7 \ R,. This final field V
can be seen in Fig. 2 (d).

In summary this work utilizes the same general computation
pipeline for the FEA as similar works. However, in choosing a dif-
ferent field and metric for the orientation field and region selection,
the contributions of this work on are the following: The use of the
stretch field U as the basis for computing the load-orientation field V
removes the necessity for additional costly reorientation steps in the
computation pipeline, which could otherwise limit the possible part
complexity severely. Additionally using the maximum principal strains
instead of the absolute principal stresses for the region selection focuses
the region selection on the regions of tensile strain, with the added
benefit of removing the need for stress computation.

2.3. Field computation

Having computed the desired material orientations V in the region
R, with the methods described above, this information is utilized to
compute paths for the nozzle to create a load-oriented and optimized
part. As mentioned in Section 1, the process starts by slicing the
part with surfaces on which the nozzle-paths can be computed. These
non-planar surfaces are able to adapt to the out-of-plane material
orientations. The adaption is achieved through computation of a scalar
field by solving a Poisson equation with a prior computed vector field
W on a tetrahedral mesh. The isosurfaces of this scalar field are then
extracted as the non-planar slices used for path planning.

In order to compute the slices, the first step is the extrapolation of
the v,,,.(e) for e € R, into 7 \ R, to yield the vector field V. V' can be
computed by minimizing the Dirichlet energy

Ep(u) :=/QuAu dA, (6)

which is a measure of deviation from the constant function, expressing
a notion of smoothness. To solve the minimization for a set boundary
conditions, the Laplace problem

Au=0 onQ

7)
on 0

W= Vingx

is solved. For the discrete case 2 = 7 \ R,, 02 = R, and u = v on
R,. Further detail on how this is solved on a tetrahedral mesh can be
found in [19]. Having computed the extrapolation, the homogeneously
oriented vector field V is obtained. The performed extrapolation from
the selected region of tensile stresses R, into the rest of the part domain
T \ R, is visualized in Fig. 2 (c) to (d). The thereby obtained field V'
is used as an input for the computation of slices and shown again in
Fig. 3 (a).

For the computation of the governing vector field W that is serving
as the basis for computing the slices, the requirements for this field are
stated again in the following. The governing vector field W has to be:
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(d

Fig. 3. Computation process of the fields and slices for an exemplary part. (a) Load-oriented vector field V. (b) Guiding vector field W which approximately represents the surface
normals of the slices. (c) Scalar field y,,, computed from W. (d) Slices that constitute the part, on which the path planning is done.

1. Orthogonal in every point to V' to ensure v € V is as close to
the tangent space of the isosurfaces as possible to prevent lossy
projection.

2. Minimally turbulent and divergent in order to minimize surface
curvature and irregularities in layer height.

3. Directionally homogeneous to enable a meaningful Poisson so-
lution.

The first two criteria are achieved by simply computing a mean
direction of V, taking the cross product with a unit direction, resulting
in a vector u = V x &, that has the property of lying orthogonal to the
mean of vectors in V. Constructing u is done to now have a consistent
direction with which the optimized vector field W can be computed by
taking the cross product to yield

W= Luxv, ®
[l

Taking the mean direction minimizes the turbulences of the resulting
field, as p and V; are unlikely to align in any region. Alignment would
result in a bad conditioning, which means fast changes in direction
in W for small changes in distance as |u x V;| goes to zero and the
resulting direction is decided by minor deviations in alignment. This
method of computing W, resulting in a field with less turbulence, con-
stitutes another improvement in this work. To summarize, the degree of
freedom that results from setting only the optimal material orientation
of the fibers, but needing two vectors to describe the tangent vectors
on the local isosurface is exploited to increase manufacturability in a
similar way to [18].

The third criterion is already fulfilled by the measures described in
Section 2.2. The field W fulfilling all the listed criteria and computed
in the way described above can be seen in Fig. 3 (b) for the bunny test
part.

As W describes the orientation of the slices through their normal
vectors, to compute the slices a scalar field is created whose gradient
minimizes the difference to W and extract the isosurfaces at specific
values. This is accomplished by solving the Poisson equation obtained
by taking the divergence in the following manner

W=Vy,, = V-W=A4y,, . ©

As the Laplace operator can be represented as a linear combination
on the nodes, resulting in a system of linear equations, this Poisson
equation can be solved efficiently on tetrahedral meshes when using an
interpolation function on the nodes. The result from such a computation
for the bunny test part can be seen in Fig. 3 (c) where the scalar field
values are displayed as color on the meshes nodes. The slices that result
from extracting isosurfaces from this scalar field can be seen in Fig. 3
(d).

To achieve a higher alignment of W and Vy,,, every vector in W is
multiplied by weighting factor w(e) for element e in Eq. (9). Employing
weighting factors increases the influence of elements where higher
stresses are expected by scaling the vectors before the computation of
the scalar field. In this work, the weighting factors are set as follows

w(e) = max(0, min(pgq, €,,,,(e))) + 1 (10)

with pg, being the 90th percentile of ¢,,,. The maximum resulting
weighting factor is 2 for the region of highest maximum principal
strain. The weighting introduced here increases the possibility for
layer distances being greater than the maximum #,,, achievable by
the hardware. To still achieve valid manufacturing instructions the
introduction of intermediate layers is necessary. The generation of
these intermediate layers, of support geometry and further fabrication
enabling methods are described in detail in the next section.

2.4. Fabrication enabling and support structures

To enable the fabrication without collision of the print head with the
build plate the part has to be reoriented. The method used to ensure
printability in this regard is explained in the first part of this section. In
order to create the non-planar layers from the flat built plate, support
structures are oftentimes used in planar printing to uphold overhang-
ing structures. As stated in the introduction, non-planar printing can
eliminate the need for supports, while sacrificing load-orientation. As
this work is focused on the latter, support structures are not avoided to
not further constrain the possible layer orientations. The second part of
this section is concerned with the generation of the support structure
geometry. As mentioned in the previous section, intermediate layers
are necessary to ensure the hardware restrictions are met. The method
used to insert these layers is presented in the final subsection.

2.4.1. Part orientation

The starting point for the part reorientation measure is the observa-
tion that minimal deviation from printing vertically on the built plate
is desired to minimize the reorientation effort and reduce the risk for
collision with the build plate. Therefore, the simple way to choose part
orientation implemented in this work is to compute the average normal
direction of all layers once the part has been sliced for the first time.
The slices are then transformed by rotating the averaged normal into
the positive z-direction. Additionally, a user defined buffer height 4, ,
is established between the lowest part of the reoriented model and the
build plate by translation.

2.4.2. Support geometry

The necessity of support structures has already been pointed out.
Their construction represents an increase in manufacturing time, which
makes it desirable to minimize the necessary support. A requirement
that arises from non-planar printing is the compatibility of part layers
and support layers. For the general case it is impossible to construct
planar support layers before the non-planar part layers, as this would
lead to reachability issues. Constructing them in parallel is not possible,
because individual non-planar layers would need to be cut into small
sections printed successively, which in turn would make continually
placing material beads in the load direction impossible. This moti-
vates the past approaches to extrapolate the vector and by extensions
the scalar fields into the previously computed support geometry. The
algorithm proposed in this work builds on the same idea.

Starting the computation of support geometry, elements of the outer
surface of 7 denoted by 97 are examined for requiring support. Areas
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(a)

®

Fig. 4. Computation process of the support structure and slices. (a) Point cloud P.
(b) Compound part and support mesh M computed from point cloud P and the part
mesh 7. (c) Extrapolated guidance vector field W. (d) Scalar field y,,, in M. (e) Part
and support geometry P and S. (f) Slices for part and support geometry extracted as
isosurfaces from the scalar field y,,, in 7 and S respectively.

which need support are identified by defining the surface 97,,,, = {e €
oT | n,-[0,0,-1]" > 0.5}. 97, therefore includes those triangles whose
normal n, exceeds a value of 0.5 in the dot product with the negative
z unit vector, meaning a wall angle of over 45° is present. This wall
angle has been observed to be an adequate threshold value. The points
belonging to the triangles in need of support are iteratively transformed
down by a set value to form a point cloud as follows

P={p—i-t,-e; | pe€aT,

e 1 €112, m) ) (11)

The translational interval was chosen as 7, = 0.5 mm and n, was set
such that the highest z-coordinate of the point cloud ended up below
the build plate. The point cloud P can be seen in Fig. 4 (a), with
points below the X-Y plane being cut off. Using this point cloud P, the
compound part and support mesh M, shown in Fig. 4 (b), is created.
First a tetrahedral grid G with a high spatial resolution is created, which
spans the bounding box of 7" including the buffer space below the part.
Then M is obtained by extracting the cells from G that lie inside 07
and in proximity to P.

Next, W is extrapolated from 7 into M\7 by again solving equation
(7) with 092 now being the already computed vector field in 7 and a
build plate region 13 where all vectors are set as [0, 0, 1]7. B is extracted
from M by extracting all points with a z-coordinate below 1/2h, /.
The into the support domain extrapolated guidance vector field W is
displayed in Fig. 4 (c).

Having computed W, the same process as in Section 2.3 with
equation (9) and weighting from Eq. (10) is followed to obtain the
scalar field y,,, in M, which can be found in Fig. 4 (d).
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The last step before slicing is to separate M into the part geometry
P and the support geometry S by computing

P=MnT

12)
S =Mnprojlextr(@T )\ T

with proj being a shorthand for the operation of projecting a mesh onto
the X-Y plane and remeshing into a valid mesh and exr denoting the
operation of extruding along the Z-axis. The result of the partition into
part and support geometry can be seen in Fig. 4 (e), where the part and
support geometry are shown in different colors.

2.4.3. Slicing

P and S now contain information on the field y,,, from which the
slices can be extracted as isosurfaces. Due to the weighting process, the
field values do not correspond to the unit measure, which is corrected
for by the measures described in the following and algorithm 1. To
define the slicing intervals correctly, the field is first sliced naively with
the interval arbitrarily set as /,,, = h,,,,. The parameters h,,, and h,,,,
denote the minimum and maximum possible layer heights for the print-
ing hardware that is used. The initial slicing with /;,, = h,,,, just serves
as a precomputation in order to obtain slices whose distance roughly
lies in the correct range. After computing the maximum distance d,,,,
of a slice to its predecessor over all slices using the method described
by algorithm 2, the new interval is then set as /,,,, = Apax/dmax * Line-
This scaling is done in order to have the maximum distance be roughly
equal to h,,,, when slicing again with this new interval. The slices are
then obtained by extracting isosurfaces S, from the resulting scalar
field y,,, at the values h € {x|x =i 1,,,.x < max(W,,) — I, i € N}.
This computation can be done very efficiently as the Laplace-Beltrami
operator can be represented in the form of a sparse symmetric positive
semi definite matrix. The resulting isosurfaces S, can be seen in Fig. 4

®.

Algorithm 1 Slicing

Require: P,y,,,, L
ligw < h
Sy, < extract_slices(P, 1;,;)

dmax

I hmax

new dmux

Sy, < extract_slices(P, 1,,,,)

init

int max

«— max(compute_layer_height(Sy, L;,;.))

int

The layer height computation that is necessary for the slicing pro-
cess and setting the extrusion speed is done by iterating over all
isovalues h, while merging the already checked layers into the object
L,. Conventional approaches for such distance computations use ray-
casting along the surface normals or simply computing the minimum
Cartesian distance to the lower layers for every element of the surface.
Both approaches can lead to inaccurate results. For raycasting, taking
the surface normals can result in larger distances if the surfaces are
angled, or the rays miss £, entirely. The Cartesian distance increases
linearly in overhang areas, which results in over-extrusion in these
regions. In this work, both methods are combined in the following
way, which is also described in algorithm 2. Rays are cast along the
surface normals and checked for intersection with £;. In these areas,
minimal Cartesian distance is computed and saved as the layer height.
For regions where no intersection is found, the value found for the
closest neighboring surface element is chosen. Taking the value of the
closest neighbor guarantees the continuation of equal layer height in
overhang regions. To be able to accurately compute the layer height for
the lowest isovalues, £ is initialized with a model of the build plate
in case of support surfaces. For the part surfaces, £ is initialized as all
support surfaces unified. This initialization is represented by the input
of £;,;, in the algorithms.
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Algorithm 2 Layer height computation

Require: S, L
L« L
d <[]
for 7 € S, do

dj, < min_cartesian_distance(T , L)

init

init

hits < ray_intersect(T , L)
dy[—hits] < dy[closest_neighbors(—hits)]
d < append(d,dy)
L, — merge(L,,T)
end for
return d

Achieving a maximum distance of h4,,, through the method de-
scribed above is part of the novel approach presented in this work.
Ensuring that 4,,,, is not exceeded by the slicing guarantees its com-
pliance with the upper hardware limitation. On the other hand, this
method almost always leads to the lower limit being exceeded, the
remedy for which is the topic of the next section.

2.4.4. Intermediate layers

The generation of intermediate layers is proposed by Fang et al.
in [11]. In their case, these surfaces fill gaps that result from taking
the lower bound of the hardware as minimum distance, as this leads
to the maximum distance being exceeded in many regions. They are
generated by finding areas with too high distance and extracting new
slices from the field to fill these areas.

As mentioned above, in this work a new method is presented that
immediately creates slices that do not exceed the upper limit, but
results in many slices whose distance is too small. In the following,
the method by which this issue is solved is presented. Switching the
order of operations in such a way can evidently result in a more even
distribution of layer distances as the upper limit is taken into account
from the beginning and not after the fact, which unnecessarily limits
the range where intermediate layers can be inserted.

Cutting away the layers is done by iterating over all the layers while
merging the already handled layers into one object £, to check the
distance to all lower layers concurrently. An example of this distance
computation can be seen in Fig. 5 (a), where the distance to £, is
displayed in a color range. The iteration starts with £, equal to the
lowest layer. Every iteration, the triangles of the current isosurface S,
whose distance to £, is smaller than 4,,,, are marked, which can be seen
in Fig. 5 (b). The process of cutting the layers by 4,,, is prone to small
holes that propagate through the part, resulting in highly perforated
slices and low quality parts. This can also be seen as small separate red
spots in Fig. 5 (b). As a mitigation measure a method similar to the
opening operator from morphology is applied. The opening operator
first consists of applying erosion followed by dilation on the data. The
erosion removes small holes but also decreases the outer boundary
of the data. Applying dilation in the same extent expands the outer
boundary near to its original state, but the holes stay closed. Exemplary
results from the erosion and following dilation can be seen in Fig. 5 (c)
and (d) respectively. For the marked triangles, the erosion is achieved
by setting a triangles status to unmarked if not all neighboring triangles
with a coincident node are marked. The dilation is then done in reverse,
so if any triangle with coincident nodes is marked the current triangle
is marked as well. These operations are successively carried out n,,,, =
%-dha,e /leqq. times respectively, with /,,,, being the average edge length
in the current isosurface and d,,,, being the desired minimum diameter

of holes in the final slice. After all n,,,, operations, all marked triangles
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are removed from the surface mesh, resulting in the areas exceeding the
hardware bound 4,,,, which can be seen in Fig. 5 (e) for the example
with the Toptopt part. An important observation is, that deviations
can propagate through the part, resulting in rifts or uneven splits. To
mitigate these issues and promote slice integrity, every other layer has
to be left out in a first pass. A second pass is then done to remove any
further areas exceeding the lower limit for layer height. The exact part
geometry is retained during this process. Areas where the surfaces are
cut away are filled by the increased layer height of the other layers, so
there are no subtractive changes to the geometry. At the same time the
process only defines regions on the existing geometry to be cut away,
avoiding deviations in an additive sense.

A step to ensure bed adhesion and printability is the insertion of a
planar base layer at the height 4, — h,,;,. The material of the base
layer is therefore printed directly on the build plate. All protruding
support layers are then cut away at the height 4, + h,,;,, so that
the support layers terminate right before reaching the base layer. This
method drastically lowers the necessary buffer space &y, ,, which in
turn reduces printing time and material waste, because the bottom
support slices do not have to reach planarity but can start at an angle.
The planar base layer is extended by a certain value, in order to create
a brim, to increase bed adhesion.

2.5. Looping algorithm

On the freeform manifold surfaces resulting from all the compu-
tations described in the previous sections, a path for the nozzle has
to be generated to be able to fabricate the part using FFF. This path
usually consists of a number of outer contours with the rest of the slice
being filled with a pattern which is referred to as infill. An example
for such a path can be seen in Fig. 6 (f). Both the number of outer
contours and infill pattern have an impact on the load capabilities
of the manufactured part. The Looping algorithm presented in this
paper represents the unification of these outer contours with a load-
oriented infill pattern, that guarantees continuity for a path planned
on a freeform surface.

Creating such load-oriented and continuous paths is achieved by
constructing loops that follow the optimal material orientations and
are connectable by a rerouting procedure that guarantees continuity.
This includes the connection to the outer contours. The algorithm can
be split up into the following 4 steps, which are executed for every
surface in every slice:

1. Generate the outer contour parallel paths and extract the infill
area.

2. Obtain the load-oriented loops.

. Build the rerouting graph and convert it to a rerouting tree.

4. Reroute according to the rerouting tree to obtain a globally
continuous path.

w

These steps are explained in detail in the following sections. Prior to
these steps, the slice obtained by extracting the isosurface has to be split
into its contiguous subsurfaces. For each of these contiguous surfaces
an operator similar to the opening operator from morphology is applied
again, which is described in more detail in [33]. This is done to remove
thin sections, which would hinder the generation of a continuous path if
their width is smaller than 2-w,,,,, with w,,, being the path spacing. At
this point, excess material is created by the travel movements between
the subsurfaces for branching geometries. Furthermore, the surfaces are
remeshed by isotropic remeshing to avoid numerical problems, as the
triangles created by the slicing operation can have arbitrarily small
areas.
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Fig. 5. Opening operator for cutting layers when adjusting layer height to be in the manufacturable range for the lower layers of the Topopt part. (a) Surface with distance to
rest of the merged layers £ . Distance indicated by color, with increasing value from green to purple. Already printed layers £, displayed in black. (b) Area under threshold to
be cut away. (c) Surface with erosion applied to data. (d) Surface with opening operator applied. (e) Final cut surface. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

2.5.1. Outer contours

The outer contours form the shell of the part and constitute the
visible surface. They have a significant impact on the load capabilities
of the fabricated part, as most load cases result in high compressive or
tensile stresses in these outer areas. The outer contours are obtained for
a manifold triangulated surface S by computing the geodesic distance
¢,,; from the boundary of the surface 0S and extracting isolines at
values given by the number of outer contours n,,, and the path
spacing w,,,- The geodesic distance function ¢ is computed by the heat

method [44]. This method solves the eikonal equation
Vol =1 with ¢|,=0. 13)

With y = dS to compute ¢,,,, the isolines are then given by {c;},_;
with

,,,,, Neont

¢ = {xpl¢pu(x,) = (i = 0.5) - w0} 14)
If the surface has m holes, dS will have m—1 discontinuities, which sep-
arate the isocurves into contiguous subcurves s; ; with i € {1,...,7.,,},

j €{l,...,m}. Aresult for an example surface can be seen in Fig. 6 (a),
with the value of ¢,,, being displayed as colors and the extracted outer
contours in black. With these outer contours collected in the ordered
set C, the infill area can be computed by cutting away the surface for
Gour < (Meon +0.5) - w,,, creating a new triangulated surface S, 7y,
that can be seen as the blue surface in Fig. 6 (b). With this operation it
is possible that the contiguous surface S is split in multiple contiguous
subsurfaces, that have to be isolated and for whom the infill generation
algorithm described in the next section has to be executed individually.

2.5.2. Load-oriented loops

The central part of the presented algorithm is the novel infill pat-
tern, guaranteeing continuity and load-orientation. The loops making
up this infill pattern are later connected with each other and the
outer contours, making up the path for the surface S,, ;. Connecting
contours and infill pattern is implemented using the first-in-spiral-out
(FISO) algorithm, whose aim is achieving minimal curvature through
connecting all loops as early as possible when traversing them. The
initial step in order to obtain the loops is identical to the discontinuous
load-oriented path planning as described in [11], with the difference
of doubling the sampling interval to 2 - w,,,. The first step of the loop
generation is very similar to the slicing, but instead of W, V is used as
the basis for computing the scalar field. V' is then projected onto the
surface. The scalar field y,,; is computed from these vectors by again
solving the Poisson equation, this time for triangular meshes.

Vi=Vy,, = V-Vi=4y,,, Vi=VxN. (15)

The isolines of y,,; are then extracted at intervals of twice the desired
path spacing as

I = (x| yin(x,) = (0 = 0.5) - 2,001} (16)

with i € {1,...,n,,,} and the number of discontinuities being n;,,;, =
[ maxWiri)=Wparh

” 1. These isolines form the ordered set L.
'path

In the next step, the geodesic distance ¢, from these lines on the
domain of the surface S, is computed by again solving the eikonal
equation from Eq. (13) with y = U{/;};-1_,,,,- To allow for the loops
to slightly protrude out of the infill area the computation is done on the
surface S. Allowing a slight overlap of contour and infill can increase
the adhesion between them and decrease the gap to the outer contours.
The surface is then cut off at 2w, to decrease the impact of numerical
errors. The distance field on the cut off infill area is displayed in Fig. 6
(d). The subcontours of the isocontour at value y from this new scalar
field are in the form of loops if y < %wpa,h. These loops are the
starting point for the rerouting procedure and are indexed by their
corresponding isoline i and its subindex j as o, ; forming the ordered
set O.

2.5.3. Rerouting graph

To be able to connect neighboring loops into a continuous path
without self intersection, instruction on how to connect the loops have
to be generated. These instructions exist in form of a tree T, where
nodes represent the loops, subcurves or contours and the edges repre-
sent a connection that should be made during the rerouting procedure.
This tree T is generated from a graph G that includes all possible
connections, by extracting its minimum spanning tree. G is similar to a
Reeb graph, which is utilized and further described in [45]. A Reeb
graph is a topological graph, that represents the progression of the
level sets of a topological object. Similarly, when neighboring isolines
differ in their number of contiguous subcurves, this is reflected in a
branching or merging of the Reeb-like graph G used in this work. To
clear nomenclature, even though a Reeb graph has graph in its name,
the object G and all subsequent mentions of graphs are of a different
class of mathematical object, the abstract graphs from graph theory.

To create the Reeb-like graph, an iteration is done over the isolines
with increasing isovalue. To find which subcurves of the next isoline
to connect to the current subcurves, the shortest geodesic connection
between the endpoints of each subcurve is computed. If y,,; is monoton-
ically increasing along this geodesic, the nodes corresponding to these
subcurves are connected in the graph. Checking the monotonic increase
is done to prevent connecting subcurves that are separated by holes,
which would cause the geodesic to wrap around the hole, resulting
in it backtracking along y;,,;. Merely inspecting proximity can lead to
incorrect connections, which should be avoided. The graph generation
procedure is shown in algorithm 3.

Before iterating over the previously generated isolines, the lines in
the ordered set L are reoriented such that they have their endpoints
closest to the boundary. In algorithm 3 the number of isolines is
denoted with n;;, and the number of contiguous subcurves for the
isoline with index i is denoted by ng,,(i).

An example for a result of the generation of the Reeb-like graph is
shown in Fig. 7 (a) for a surface with the isolines /; and the correspond-
ing Reeb-like graph. In order to connect the outer contours from the
ordered set C to this newly generated graph, the respectively closest
innermost outer contour from C is connected with every connected
component from G. The edge weight for the connection is taken to
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Fig. 6. Computation of the continuous path for an example surface 6 (a) Geodesic field ¢,,, values displayed in color; outer contours displayed in black. (b) Outer contours in
black, infill surface S, in blue, projected vector field V' as red arrows. (c) Scalar field y,,; and isolines /; on infill surface. (d) Geodesic distance ¢;;, from isolines on cut off
infill area. (e) Partial execution of the rerouting algorithm, colors indicating the isovalue of the loops to be connected to the continuous path. (f) Final continuous path formed
by connecting the loops. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Algorithm 3 Generate Reeb-like

Require: L, Sy i1 Wiri> Misos Mup (D)
G < Graph()

do

for j < ng, (i) do

for i < n;g,
for k < ng,(i + 1) do
Iy < LIi, j]
Iy « Lli, k]
g(t) « geodesic Sinpil (11(0), 1,(0))
if {112 y,,(g(t) < 0} # 0 then
G.add_edge((i, j), (i, k), weight = 0)
end if
end for
end for
end for

be the minimum distance. As a next and final step, the outer contours
from C have to be connected among themselves, with the weight for the
edge again being the minimal distance between contours. Similar to the
FISO algorithm, only contours are connected that are neighbors in their
isovalue. After all connections have been included in the graph, the
minimum spanning tree of G is computed. The resulting tree contains
only those connections, where rerouting is possible. Furthermore, the
edges become directional, as a root is set when computing the rerouting
tree. A result from the computation of a tree from the Reeb-like graph
is illustrated in Fig. 7 (b). The loops in the ordered set O are shown
on an example surface and the rerouting tree is shown with the nodes
representing the outer contours added.

2.5.4. Rerouting procedure
With the loops in O, the outer contours in C, which are also in
the form of contiguous loops, and the rerouting tree 7, computing the

(2)

Fig. 7. Schematic of the creation of the rerouting tree. (a) Isocontours on the scalar
field y,,; and the Reeb-like graph. (b) Loops, which are isocontours of the geodesic
distance field ¢ to the isolines, the outer contours and the rerouting tree.

continuous path is only a matter of interconnecting the elements from
O and C. The loops O are broken and connected to C via two lines in
the distance of w,,,,. The rerouting process is equivalent to the FISO-
method with the difference of using the load-oriented loops instead of
contour parallel loops. A detailed explanation can be found in [33].
In short, a recursive function is applied to iterate over the rerouting
tree T, similar to depth-first search. As mentioned previously, edges in
the rerouting tree represent a connection to be made by the rerouting
procedure. Pairs of rerouting segments are found by traversing along
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Fig. 8. Distribution of layer height for 0.6mm nozzle. Number of surface elements plotted with 1000 bins. Maximum and minimum layer height input by user displayed as green
dotted lines. From left to right the three exemplary parts Topopt, Bunny and Yoga. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

the contours. The traversal always starts at the previous rerouting
position. After ensuring the compatibility in length and orientation of
these segments, the endpoints of the segments are joined. This forms
two connections between the contours, one for traveling forth, one for
coming back. After completing a full traversal of the rerouting tree,
all loops and outer contours are connected for the current subsurface,
forming the continuous path.

The procedures described above are done for every subsurface in ev-
ery slice. These subpaths are then connected into a globally continuous
path by connecting the subpaths with travel movements. Additionally,
a line is extruded along the bounds of the part as a skirt. After these
procedures, the final manufacturing instructions are generated by a
post processor from the globally continuous path.

3. Results
3.1. Parts

To increase comparability, the parts from [11] are used for the
experimental evaluation. To decrease manufacturing times and allow
for accelerated testing, they are scaled by a factor of 0.5 in all dimen-
sions. The three parts named Topopt, Bunny and Yoga are provided by
the authors of [11] and exhibit a wide range of geometric properties,
making them well suited for testing the algorithms proposed in this
paper. They can be seen in Figs. 10 and 11. The load cases assumed in
this work are matched to the ones displayed in [11]. As no information
on the exact replication is provided, the load cases are deducted from
the figures in the paper. For the Topopt, these are fixed boundary
conditions in the bottom holes and load is applied along the axis of the
single top hole. This results in tension along the frontal section and in
compression along the rear struts. For both the Bunny and Yoga models,
the load is applied in the downwards direction at the topmost surface
of the part. For both models, fixed boundary conditions are employed
at the bottom surface of the part, yet only restricting in the Z-Direction.

3.2. Computational results

The implementation is done using Python and could be successfully
deployed on multiple machines. Numpy [46] and scipy [47] are used
for mathematical computations, together with the VTK [48] wrapper
pyvista [49] for simplicial complexes and nets. For the heat method pot-
pourri3d [50] is used and networkx [51] for graph theory. Most of the
figures in this paper are generated using polyscope [52]. For the com-
putation of the Laplace-Beltrami operator in Section 2.4.3, the Lapy
package for python [53] is used. The computational complexity for the
slicing procedure could be severely reduced in comparison to [11] by
eliminating the computation of critical regions with complexity O(2%).
For path planning the complexity is not increased compared to the
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FISO algorithm as both use the same rerouting strategy which has the
highest complexity due to its recursive nature. However, computation
time will be negatively affected as the calculation of the loops is more
time intensive than simply taking the isocontours of the geodesic field
from the boundary as it is done in FISO.

Two of the biggest influencing factors on part quality are the layer
height and unfilled or under-filled areas. Guidetti et al. [18] and
Fang et al. [11] have both done investigation in this direction. In the
following section these two properties are analyzed and compared. The
layer height has a significant impact on printability and the surface
quality of the part, while unfilled areas can lead to distinct losses in
stiffness and strength as less material is deposited.

Starting with the layer height, uniformity tends to decrease man-
ufacturing defects, yet full uniformity would require planar slicing.
In conclusion, the limits of the hardware should be fully exploited,
but never exceeded. In this way printability is achieved for the parts,
while fully utilizing the permissible range of layer heights. Distance
computation is done in the same way as explained in Section 2.4.3.

The results for the algorithms presented in this work can be seen in
Fig. 8. Typical choices for the lower and upper limit for layer height
are 0.25d and 0.75d respectively, with d being the nozzle diameter.
These are indicated in Fig. 8 as dotted green lines. What can clearly be
deduced is, that the method introduced in 2.3 to guarantee a maximum
layer height of 0.75d = 0.45 mm in this case has achieved the desired
effect. The lower limit of 0.25d = 0.15 mm is not exceeded either.
Another observation is, that the large spikes indicate a layer height
around which most values lie. This spike is suspected to be indicative
of part quality, as less variation in layer height puts less strain on the
hardware. However, if only a single spike would be observed there
would be no variation in layer height, which would correspond to
uniformity and limited adaptability to the load orientation field. Thus,
the exploitation of the whole permissible range, seen in the graphs as
the width of the distribution, confirms the utilization of load-oriented
slicing.

The authors of [11] use a histogram of the number of waypoints for
a range of layer heights to measure their distribution. As a result their
data is highly dependent on point spacing and resampling uniformity.
To avoid such a dependency, the values on the triangular surface
elements are used in this work. The size of these elements is adequately
uniform due to isometric remeshing, which can be seen for an example
surface in Fig. 5 (b)—(d). Element size uniformity is assumed to have
a positive impact on the data quality, as all areas of the surface are
represented equally in the histograms. In direct comparison with Figure
12 from [11], one can see that both the limit of 0.754 set in this work
and the limit of 0.84 set in their work is exceeded by their results.

Further analysis of the distribution, like the location of spikes or the
uniformity in the interval [0.25d, 0.75d] will not be included in this work
as more evidence and investigation is required to draw meaningful
conclusions.



J. Kipping et al.

(2)

Additive Manufacturing 94 (2024) 104426

Fig. 9. Visualization of unfilled areas for example surfaces of all three example parts. Path displayed in black, unfilled areas in red. Path (a) and unfilled areas (b) for Topopt
part; path (c) and unfilled areas (d) for Yoga part; path (e) and unfilled areas (f) for Bunny part. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Path spacing has been chosen as 0.65mm in this work to allow for
a positive extrusion factor with a 0.6mm nozzle. Guidetti et al. [18]
and Fang et al. [11] both compute and analyze the line spacing. In
neither of the studies, a clear mathematical indication of the method
by which the spacing is computed is provided. A simple approach
that might have been used in the papers would be the computation
of minimal distance to all neighboring path lines, excluding the imme-
diately connected segments. The most important symptom of irregular
line spacing is over- or under-filling. This effect cannot be adequately
represented by the minimal distance computation, as under-filled areas
would not be included. To be able to observe under-filling, the path-to-
surface distance has to be computed instead of path-to-path. A visual
representation of the path-to-surface distance can be seen in Fig. 9. The
under-filled areas are shown in red. What can be seen is, that the path
planning algorithm does result in some areas with clear under-filling.

The under-filled regions partly originate from the geodesic distance
computation leading to the rounding of corners. Yet, they mainly result
from the interplay of continuity and load-orientation. Similar to the
slicing procedure, arbitrarily small path widths or intermediate path
segments would be necessary to completely fill the surface. However,
the first is not possible due to the limitations of the manufacturing
system and the second would break the requirement of continuity,
as singular lines would have to be placed without the possibility to
close the loop. A possible solution would be to use a repulsive curves
approach [54], which would be expected to slightly impede the degree
of load-orientation, but significantly reduce under-filling. Additionally,
varying the width of the deposited bead could reduce the voids. Varying
the width could negatively effect the range of possible layer heights
due layer height and line width being inversely related for a constant
extrusion and movement speed. As the proposed path planning inside
of S,y can be viewed as an infill pattern, slight under-filling is not
inherently problematic. For the manufacture of FRP parts these air
pockets can lead to stress concentrations, which should definitely be
avoided.

3.3. Physical fabrication

One method to check the performance of slicing and path planning
is the fabrication of test specimen. Especially for additive manufac-
turing this is a highly appropriate measure, as parts can be produced
quickly and cheaply. As mentioned in Section 2.1, PLA is used for
the manufacture of physical specimen that are evaluated regarding the
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Table 1

Process parameters used for fabrication of all parts.
Path spacing PLA PVA Bed [Pins Pinax] Max. print speed
0.65mm 195 °C 215 °C 70 °C [0.15,0.45] 1000 %

effect of the path planning. The ability for load-oriented continuous
printing becomes increasingly important when manufacturing parts
with fiber reinforced polymers, so an evaluation of the developed
algorithms regarding these materials is planned in future work. The
printing machine used for the physical fabrication is introduced in more
detail in Section 3.3.1. Choosing the process parameters displayed in
Table 1 is informed by standard parameters for printing PLA and PVA,
with some adjustments to increase bed adhesion and part quality. For
now, the lower and upper limits are derived from standard practice and
previous observations while printing. A more in depth identification
of more optimal printing parameters should be element of further
study, especially for FRP. For the fabrication of these parts a 0.6mm
nozzle is chosen as a conventional nozzle size combining manufacturing
efficiency with high resolution and minimal oozing.

The parts themselves have been published by the authors of [11].
All parts that are publicly available were manufactured on the printing
machine. One specimen for each printed geometry before and after
support removal is shown in Fig. 10. A first observation is, that the
manufacturing instructions generated with the presented method could
be verified to yield printable parts. Furthermore, the PVA support
material can be removed without residue, even for undercuts. The
dynamic layer height variation could be realized in the printing process
without producing major over- or under-filling. When inspecting the
surface quality, the stair step effect can clearly be seen. This can in
part be attributed to load-orientation being the focus in this work
and not surface quality like other non-planar methods. Additionally,
the manufacturing system, like other 5-axis printing system, exhibits
lower stiffness and an increased backlash due to the higher number
of axes. Other visible defects are in the rear strut in the Topopt part,
where the layers seem to have imperfect bonding and the clearly
visible missing arm part in the Yoga model, where the support material
was removed during generation, resulting in the material not being
deposited correctly. The former error can be fixed by decreasing the
layer height and the latter one can be fixed by choosing a smaller
nozzle. Another observation is, that clearly less support material is
needed when comparing to Figure 14 in [11].
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Fig. 10. Results of the physical fabrication using a multi-axis 3D-printer. From left to right with and without support material: Topopt, Bunny, Yoga.
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Fig. 11. Evaluation of geometrical accuracy. (a-c) Deviation from the target model on scans of the printed parts. (d) Histogram of the surface elements by deviation from the

target geometry.

Table 2
Part properties and user-defined parameters used for fabrication of the different parts
with looping algorithm.

Part Dim. [mm] Vol. [ml] # Tet Time
Topopt 61 x 54 x 49 22.76 70505 7.2h
Bunny 41 x 61 x 63 18.4 60375 5.1h
Yoga 52 x 31 x 73 17.13 52446 8.2h

The parts’ properties, parameters and print times are shown in
Table 2. It is difficult to draw conclusions about the different print
times, as the parts were scaled by a factor of 0.5, although the nozzle
diameter was decreased to 0.6mm from 1mm in comparison to [11]
as well. The difference in print times can also be attributed to the
difference in support geometry, slicing and printing machine.

To test to which degree the proposed method is capable of produc-
ing geometrically accurate parts, the EinScan-SP 3D-Scanner is used to
obtain a detailed scan of the printed parts. After meshing, the scanned
STL is aligned with the target geometry mesh by use of the iterative
closest point method. For each surface element of the scanned mesh, the
smallest distance to the target geometry is computed. The results of this
computation can be seen in Fig. 11. On the left side, the colors indicate
the deviation in relation to the geometry. What is clearly visible here
is the stair-step effect and some general deformation, that could be
due to thermal distortion or the connection between the support and
the part. On the right side, the deviation from the target geometry is
shown as a histogram, normalized to represent a density by dividing
by the total number of elements. The bulk of deviations are under
1 mm, this result is to be further improved by decreasing backlash in
the printing machine and better temperature management. Choosing
a smaller nozzle could additionally reduce the spillage and formation
of excess material that seems to be the cause of some of the larger
deviations.

3.3.1. 3D printing machine

The system used to manufacture the parts is derived, presented
and analyzed in [55]. In the following, the methodical derivation is
given and further details are provided. As can be seen in Fig. 12
the printer uses a robotic manipulator to move the build plate in 6
degrees of freedom. The stationary print heads allow for fast switching,
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constant gravitational direction and reduced complexity of wiring and
material delivery. The material output is synchronized in real time with
the built plate’s movement through a high speed programmable logic
controller incorporated into the robot controller in conjunction with
a stepper motor driver. The inverse kinematics are computed online
on the robot controller with an advanced NC-Kernel. Singularity and
collision avoidance, a major challenge for robotic AM, is guaranteed
up to high nozzle tilt angles through the mathematically derived design
and layout of the machine. [55]. The instructions are read in GCode,
which are generated by a post processor of the slicer presented in this
work. A simulation integrated into the software framework ensures the
ability to inspect the robot movements prior to fabrication.

3.4. Experimental results

The purpose of the experimental evaluation is to further validate the
developed path planning algorithm. The performance of parts printed
with the developed Looping algorithm is compared to parts using a
classical FISO approach with the same slices as basis for the path
planning and the optimized planar orientation from [11], where the
path planning was chosen as FISO as well and layer height was set
as 0.35mm. The slicing direction is directly matched to the results
titled “optimized” from [11] which is also used in this work to refer
to this orientation. The tests serve only as an initial validation. A
quantitative in-depth analysis will be the topic of further research. For
every algorithm three specimen where fabricated. The part properties
after fabrication can be seen in Table 3. The masses where determined
for the dry parts, as after the removal of the support material by
submersion the parts absorb water which has to be removed. One
thing to note is the lower mass of the third Looping specimen, which
did affect the performance of the part. The cause of this deviation
cannot be determined by optical inspection of the part. The mean
density is determined by division of the mean mass of the specimen
by the target volume. What can be seen is that the densities of the
parts are roughly consistent over the algorithms, with the density of
the planar specimen being slightly lower than that of the non-planar
parts. The deviation is believed to be due to the lag or imperfect
tuning in the controller that deals with slowing the material flow during
reorientation movements. If this were the case, it would results in more



J. Kipping et al.

Table 3

Additive Manufacturing 94 (2024) 104426

Part properties after fabrication for the Topopt part, for the different algorithms. Every Algorithm was tested three times.

Algorithm Masses SD Mass Mean density Time Strength Stiffness
Looping [23.4 g, 24.7 g, 22.7g] 1.08 g 1.05 [g/cm?] 7.2h 1561.5 N 234.66 N/mm
FISO [23.8 g, 23.9 g, 24.0g] 0lg 1.05 [g/cm?] 7.32h 1314.8 N 200.88 N/mm
Opt. planar [23.5 g, 23.4 g, 23.3g] 0l1lg 1.03 [g/cm?] 5.27 h 2326.3 N 382.31 N/mm
2500
—— Opt. Planar
—— Looping /]
2000 FISO
vd
— 1500
z 1
8 A
5
£ 10001 “
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Fig. 12. Robotic multi-axis printing machine used in this work for the physical
fabrication of the parts. Further detail in [55].

material being deposited for the non-planar methods. Comparing the
densities of the manufactured parts to the density of the filament which
is 1.22 [g/cm?], a clear reduction in density due to the voids in the
parts can be noted. The manufacturing times seen in Table 3 show the
increase due to reorientation measures in manufacturing time when
employing the non-planar slices.

The tests are carried out using a ZwickRoell Z010 universal testing
machine. The printed, cleaned and dried parts are mounted to a fixture
as seen in Fig. 13. The mounting and connection to the moving part of
the testing machine replicate the load case from [11], which is also used
in the FEA and described in more detail in Section 3.1. The parts are
then deformed at a constant speed of 0.4 mm/s. The traveled distance
and force are continuously recorded during the test. The deformation
is stopped after failure of the parts, which can be easily identified both
visually and from the measured force, because of the brittle failure
mode.

As the experimental evaluation is not the focus of this work the
sample size and experimental design matrix are kept small. Only the
Topopt part is investigated. For the Looping, FISO and Planar parts
three specimen are manufactured and tested.

The resulting force-displacement curve can be seen in Fig. 13. The
kink in the graph is most likely a result of the final setting of the part
on the mounting surface. Apart from that, all parts display an almost
purely elastic deformation followed by a brittle failure of the complete
structure.

The measured mean maximum force of the FISO parts is 1314.8 N.
The one of the Looping parts lies 18.76 % higher at 1561.5 N and

13

Displacement [mm]

Fig. 13. Tensile tests of the Topopt example part to compare the developed slicing and
path planning algorithm with a contour parallel algorithm and planar slicing. Mean
strength for Planar 2326.3N, Looping 1561.5N and FISO 1314.8N. Increase of almost
20% for the Looping path planning, with planar slicing still achieving the highest
stiffness and strength.

planar is the highest with 2326.3 N. The mean measured slope after
the kink is calculated to be 382.31 N/mm for the planar parts, 234.66
N/mm for the Looping parts, 16.82 % higher than the 200.88 N/mm
of the FISO parts. Therefore, the mean mechanical performance of the
parts produced using the Looping algorithm exceeds that of the FISO
parts both in stiffness and strength for the given load case. Yet, the
performance of the parts with planar slicing still exceeds that of the
non-planar parts.

The specimen after testing can be seen in Fig. 14. The Looping parts
consistently failed around the mounting hole with a mostly interlami-
nar failure mode. For the FISO parts the failure consistently occurred
slightly lower in the neck section of the part with an intralaminar
failure. The first two parts manufactured with the optimized planar
slicing failed in the truss sections, with the last specimen breaking
around the lower mounting holes. For all planar parts intralaminar
failure can be observed.

All of the obtained data for the analysis of layer height, unfilled ar-
eas and the experimental evaluation on the testing machine is provided
in the supplementary material. Furthermore, the scanned and target
geometries for the evaluation of geometrical accuracy are provided as
well.

4. Discussion and conclusion

In this work, a contiguous method for generating manufacturing
instructions for the additive manufacture of load-oriented parts is pre-
sented. By starting with the finite-element-analysis and ending with the
actual fabrication step, a seamless coverage of all steps is guaranteed.
A focus was the balance of load-orientation and the ability to actually
manufacture the parts. With its future potential in mind, this balance
includes the specific requirements of printing fiber reinforced polymers.
The major improvements over previous works include:

+ Full continuity in path planning together with load-orientation
removing the necessity of a cutting apparatus when printing FRPs.
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Fig. 14. Fracture surfaces after the tensile tests of the Topopt example part. Top row: Looping specimen. Middle row: FISO specimen. Bottom row: Optimized planar specimen.

On the right the fracture surfaces are shown in more detail.

Removing the complex vector field homogenization steps through
careful choice of which fields to use from the FEA.

Improved guiding field calculation with the utilization of the
cross product to generate the field from the optimal material
orientations.

Field weighting scaled by the influence of elements in the load
analysis.

Improved support geometry generation and intermediate layer
generation.

These improvements are implemented and the method was evaluated
in the scope of this work regarding computational results and physical
fabrication.

The experimental results showed an increase in strength when
comparing the Looping and FISO algorithm. This is believed to be
due to the effectiveness of load-orientation in path planning, as the
Looping algorithm lead to interlaminar failure and the FISO algorithm
resulted in intralaminar failure for the same slices. A lower strength was
achieved with non-planar slicing in comparison to planar slicing in an
optimized direction. Clear superiority of non-planar printing has been
demonstrated before [11]. The part used was geometrically identical
up to scaling to the part investigated in Section 3.4. The results are
difficult to compare as the strength was not mass normalized. A more
recent publication showed superiority over planar printing for the same
geometry, but did not consider its optimal planar orientation [21].
Comparing their non-planar, fiber reinforced part with the optimized
planar neat PLA part investigated in this work, the latter shows an
almost three times (2.96 x) higher specific strength. Although some
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variation is expected due to the type of PLA, machine and specific
print parameters these results seem to be at least not clearly implying
a general superiority of non-planar over optimized planar printing.
Another recent work showed the superiority of 2.5D parts printed on
a conventional printer over non-planar printing on a 5-axis machine
for PLA [18]. The current inferiority of the non-planar parts could be
attributed to process induced imperfections, as they can lead to over-
filling, voids and less homogeneous material distribution in the part in
general. Therefore, to utilize the potential of non-planar load-optimized
slicing and path planning further improvements of the manufacturing
process will be necessary in the aspects of flow-rate control, reori-
entation movements and speed control. Further investigation will be
required to find out why the unambiguous and substantial improve-
ments by non-planar slicing reported in [11] could not be reproduced.
The observed lower strength of the Looping algorithm compared to the
planar algorithm is furthermore believed to be affected by the gaps
discussed in making up a large part of the total slice area in the narrow
parts around the top mounting holes where the Looping parts failed. For
the planar parts, the simultaneous failure at several points speaks for a
homogeneous stress distribution achieved by the topology optimization
and better material distribution in the part.

Limitations to the presented method include the increased manufac-
turing time due to the complex motions necessary during fabrication
and the pronounced stair-step effect when aligning the slices with the
optimal material orientations. Additionally, supporting structures are
necessary when applying the presented method. These currently require
an additional print head, as water soluble material is used. Varying the
layer height results in an inhomogeneous fiber volume fraction when
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using FRPs, which increases the difficulty of modeling the part and
predicting failure. However, this effect has been reduced in comparison
with the state of the art where the fibers are often deposited even more
irregularly.

Future work should cover three main objectives. Firstly, improve-
ments in the ability to close gaps that remain after the path planning
step of the algorithm presented in this work. One possible solution
could be adjusting the extrusion width adaptively. Alternatively an
approach similar to [54] could be employed, where an energy is
minimized to move the already present path into the gaps. Secondly, to
decrease the manufacturing time, the support material could be printed
using a partial infill, which would require an infill pattern for non-
planar slicing, that is compatible with the slicing method presented
in this work. Lastly, the focus of future work should lie on applying
the developed algorithms to fiber reinforced polymers. To this end,
studies into structural optimization, and manufacturability challenges
like layer height variation and the hardware limits of fiber coextrusion
should be done.

In conclusion it can be said, that the proposed continuous path plan-
ning method shows great potential for the load-oriented manufacture
of parts with anisotropic materials. Improvements in the computation
and layer height distribution are achieved by the developed method.
An increase in load bearing capabilities is shown by the experiments
for the path planning. However, the optimized planar specimen still
show a higher stiffness and strength than the non-planar parts. This
is believed to have its cause in process induced imperfections, which
should be improved in future works. The continuity of the algorithm
and the increased influence of non-planar slicing for a higher degree
of anisotropy positions the developed method as a promising approach
for manufacturing parts from fiber reinforced polymers.
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