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As Additive Manufacturing technology is excellent for the production of function-based optimized parts. By
choosing the right printing orientation, the dimensional accuracy and surface quality of the parts can be
improved. But also possible to achieve improvement of the mechanical properties by the proper orientation. An
algorithm has been developed, which can determine the optimal build orientation based on a numerical simu-
lation for a given load case. The adverse and favourable load directions can be defined according to the layer’s

position by knowing the anisotropic behavior of the printed parts. The optimal print orientation has been found
for four investigated geometries, according to the No-Preference and Weighted Sum multiple-objective optimi-
zation methods, and therefore the expected mechanical performance was increased. The algorithm was able to
reduce the amount of unfavourable stresses by 100 % for simple beam geometries with longitudinal tensile and
compression loads, while the more complex geometries were improved to the best possible extent.

1. Introduction

The shape-forming freedom provided by Additive Manufacturing
(AM) gives an outstanding new design attitude for engineers. Nowadays,
the parts created by AM not only serve as a result product of Rapid
Prototyping (RP) but mainly serve as fully functional end products. By
exploiting the merits of AM and with the combination of different CAD/
CAE solutions the function optimized structures can easily be achieved
with only minor restricting concerns. The AM technologies all share the
layered shape forming procedure, as they build up the part additively
layer upon layer [1,2]. The standard, ISO/ASTM 52900:2015 Additive
manufacturing — General principles — Terminology, classifies the
different technologies into seven categories. Among them, two suffer the
significant adverse effect of mechanical anisotropy resulting from
layering. These categories are namely the Material Extrusion (ME) and
Direct Energy Deposition (DED) techniques. The other techniques also
share some adverse effects of layering, but since the forming mechanism
differs the significance of the anisotropy is less. It is a crucial step to
adjust the printing technology for the expected performance of the part
for ME and DED. It can be reached by modifying the toolpath for the 3D
printing technology, for example, by using a multi-axis tool to bridge the
2,5D build logic [3,4]. Another and more frequently used solution is to
simply select the build orientation to achieve the best possible
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mechanical performance, e.g. higher stiffness [5,6], as well as some
other parameters like surface roughness and dimensional accuracy
[7,8]. The consideration of the layering can be done during the design
process, but the rotation of the part helps to get the best position [9,10].
However, aware of the layering the volume minimization of the struc-
ture can be tuned for example in the case of Topology Optimization
(TO), Generative Design, or Functionally Graded Lattice Structures
(FGLS), as they are popular research trends for AM [11].

The anisotropic behavior of the ME and DED parts is typically
described by an orthotropic material model, as it can distribute the
emerged stresses on three orthogonal axes [12,13]. These axes are
usually identical to the Cartesian coordinates of the build domain of the
3D printing. From numerous published research works [14-16], it can
be stated, that the anisotropy of the parts can be divided into two
decisive directions. The investigated AM processes show an effect
mainly along the direction of normal to the build tray (Z direction).
Therefore, the coordinate axes, which define the printing plane (X and Y
direction) share the same mechanical properties (Young’s modulus,
Tensile modulus, Poisson ratio). Furthermore, the parts with applied
loads perpendicular to the layers (Z direction) show the least mechanical
resistance, thus they can fail easily. The parts whose load direction lay in
the X-Y plane have better possible resistance. The transition between
these two loads perpendicular to each other can be affected by many
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Fig. 1. Data acquisition (PLA material).

factors, but it can be said that it varies proportionally. For example, the
authors have compared these directions for tensile [17-19] and
compression [20-22] resistance. For the test, the authors printed sam-
ples from PLA material using Fused Deposition Modeling (FDM) tech-
nology, which as they mentioned, has a particularly big resulting
anisotropy compared to the other technologies. The aggregated results
in Fig. 1 show the differences between the directions, even though the
results may differ significantly depending on the technological settings.
Therefore, for optimizing the build orientation the emerged stress must
meet these criteria.

To execute this kind of optimization regarding the compensation of
layered structure, the first step is to assess the emerged force-flow in the
functional engineering part. As Li et al. [23] concluded in their review
paper, currently there is no existing de facto solution to visualize the
force flow, but there are some guidelines, that can be used for the pur-
pose. One of the most used methods is the Principal Stress Lines (PSL),
which is a representation of the principal stress directions of any node

Tension
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inside the geometry. Based on the PSL, Kwok et al. [24] proposed a new
algorithm that can be used for topology optimization, which results in a
faster computation time, than some other solutions. Their fundamental
approach is, that the material should be concentrated in the domain,
where the PSL is the highest, and the unnecessary material can be
removed from where the load-bearing is not justified. Therefore, the
truss members of the optimized component ley along the PSLs as close as
possible. Similarly, Sales et al. [25] in their research work used the PSL
to adjust the printing parameters for better mechanical performance, via
varying the infill structure and the extrusion width. However, as they
also highlighted this concept needs further improvements, since they
have only investigated the 2D shapes, thus the effect of layering was not
considered. Tam and Mueller [26] developed a multi-axis 3D printer to
produce the emerged geometry that has been optimized based on the
PSL. By exploiting the movement of the robotic arm the struts of the
parts can be deposited in three dimensions, therefore the adverse effect
of anisotropy has been eliminated.

In this paper, an algorithm has been created that can determine the
optimal printing orientation for better mechanical resistance in 3D.

2. Methods
2.1. Classification of the stress directions

As was mentioned in the Introduction chapter, several research
works focused on obtaining the anisotropic behavior of the AM parts,
based on mechanical measurements. In this paper, the proposed algo-
rithm aims to find the best printing orientation that best resists the
tensile loads. Therefore, as a first step, the relevant measurement data
about the tensile test results were collected to test the procedure. The
results of three independent research works have been used [17-22],
each of them obtained the anisotropic behavior of the samples printed
from PLA raw material utilizing the FDM technique.

Summarizing the results, it can be stated, that the part with an
applied tension load that parallels the layers, or compressed perpen-
dicular to the layers has higher resistance than those with the same loads
in the opposite direction. Fig. 2. concludes the fundamental concept.

Compression

Fig. 2. Representation of different load cases.
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Fig. 3. Investigated geometries and simulation setup a) beam with compression load, b) beam with tensile load, ¢) Hinge, and d) Bracket.

2.2. FEA simulation

To define the Principal Stress (PS) directions and magnitudes inside
the parts Ansys 2021 R2 Finite Element Analysis software was used. The
selected material model was a homogeneous, isotropic, linear, elastic
PLA (modulus of elasticity 2.1 GPa, Poisson ratio 0.3) since the purpose
of the proposed algorithm was to provide a solution for a variety of AM
technologies and raw materials, and the actual magnitude of the
emerged stresses is less important than the ratio between the worst and
optimal solutions. The anisotropy is the result of the process, not the
property of the raw material. Thus, the assessment of the stress field can
be performed on an isotropic material. As a result of the simulation, the
Principal Stresses for each node that builds up the mathematical model
have been evaluated. The Principal Stresses is the solution for the
eigenvalue problem, where the coordinate system is rotated in a way,
that the shear stresses are fallen out from the stress tensor matrix (Eq.

(1).

Oy O’xy Oy X 1 X 1
Oyx Oy Oy X | =1 X2 (€Y
6y 0y 0| |X3 X3

Four different geometries were investigated in this study. The first
and second ones are simple prismatic beams, with compression and
tensile loads. On one of their faces, a Fix Support and a Force on the
opposite face have been applied. The magnitude of this force was 1 kN in
the Z direction for the beam with tensile stresses, and —1 kN in the Z
direction for the beam with compression stresses. The third is a
simplified hinge component, with a cylindrical hole in the middle. For
this geometry, a Fix Support on the left side, and a surface Force on the
right side were applied. The direction of the force was defined by its
components: 5 kN in the X direction and 0 N in the Y and Z direction,
creating tension within the component. The fourth one is an angle
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bracket. The primitive of this shape is frequently used for testing the
generative design techniques and comparing the different resulting
organic shapes. Similarly, a Fix Support was applied on one of its sides,
and an applied Force on the top surface. The components of this force
were —5 kN in the Y direction, and O N in the other two directions. The
geometry of the investigated parts and boundary conditions for the FEA
simulations are presented in Fig. 3.

The results of the simulations have been exported in a CSV file format
and for further investigations, MATLAB R2019b software has been used.
The necessary input variables for the investigation were the Principal
Stress magnitude for the three orthogonal axes and the corresponding
Euler rotation angles, which define the direction of each of the Principal
Stresses. Euler angles assign the orientation of maximum, middle, and
minimum principal stresses to the global coordinate system, X-Y-Z
correspondingly.

2.3. Euler rotation

In this study, the well-known and proven Euler transformation was
used. The orientation of any rotated rigid body can be described as the
initial fixed Descartes coordinate system. The process consists of three
consecutive elementary rotations according to the Proper Euler angles
(z-X-Z, X-y-X, Y-Z-Y, Z-y-Z, X-Z-X, y-X-y) or the Tait-Bryan angles (x-y-z, y-z-
X, Z-X-y, X-2-y, Z-y-X, y-X-z). In this paper, the x-y-z order has been used,
since MATLAB has a built-in function for performing this kind of
rotation.

2.4. Proposed algorithm
After importing the FEA simulation results, the first step is to perform

the Euler rotation of the unit vector matrices (three orthogonal vectors)
representing the orientation of the Principal Stress directions for each



M.T. Birosz et al.

Read FEA data

A

[ Pre-processing the data ]

\ 4

Divide the stress directions into
parallel and perpendicular .
components H

Determination of the
Evaluation of the results

optimal build
orientation

Fig. 4. Proposed algorithm.

node. As the result of the numerical simulation, Ansys and every FEA
software define the tensile stress as a positive value and the compression
stress is represented as a negative value for each node inside the body.
Here, the anisotropic behavior of the part can be defined for the algo-
rithm. As is discussed in detail in the Introduction, the parts resist fewer
tension loads applied perpendicular to the build tray, but the compres-
sion loads can apply in this direction, since, the effect of layers is min-
imal. Here, purely the material bears the loads, and the adhesion/
cohesion boundary is insignificant. The proposed algorithm is according
to Fig. 4.

The calculations regarding the maximum compression and tensile
stresses for the parallel and perpendicular directions are presented in the
evaluation section below.

2.5. Evaluation method

Compliance with the pre-defined conditions must be evaluated. To

a)

Build tray
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find the most suitable orientation, the algorithm checks many possible
options. For that, the rotation of the part according to the Euler angles
was executed in the range of 0-180 degrees, with a 10-degree resolution
for each axes (X, Y, and Z correspondingly). Therefore, overall 6859
cases were investigated. In each rotated position the direction and the
magnitude of each Principal Stress must be linked together. For the
evaluation, the absolute value of the angles between the Principal Stress
directions and the build tray must be assessed (Fig. 5.a). Here, the plane
that fits on the x-y axes of the global coordinate system represents the
build tray. Secondly, by knowing these angles (between the build tray
and the Principal Stress direction vectors) the components of the vectors
can be determined. As with the orientation optimization, it is important
to determine the projections of the vectors perpendicular to and parallel
to the printer tray (Fig. 5.b). By the PS method, three orthogonal stress
components are defined at each node, thus the calculated projections
must be summarized at each node. The tensile stresses are represented
with positive, and the compression stresses with a negative value.
Combining the individual vectors, more precisely their projections, the
characteristic load of interest for the study for each node can be
obtained.

The Egs. (2) and (3) summarize how the algorithm takes into account
the two main objectives.

fi = ,% Z(Tensionx,;) @
f= % S (Compression,,) ”

i=1

Where, f; is the number of tension stresses parallel to the layers, f2 is
the amount of compression stresses perpendicular to the layers, and n is
the number of nodes inside the investigated domain. For the study, only
the average of the X-direction projections of the tensile stresses (Ten-
sion,) at each node is relevant, and similarly, only the Z-direction pro-
jections of the compression stresses (Compression,) have to be assessed.
The basic assumption is that if a particular stress component given in one
direction is maximal, it means that the other component of the same
stress is minimal and vice versa. The (—1) multiplier is needed to
reconcile the two functions later to implement the multi-objective
optimization.

The optimal printing orientation is maintained when the lowest
possible tension is applied perpendicular to the printing plane and the
compression load parallel to the layers is minimal. As well as the
compression perpendicular and tension parallel does not exceed the bulk
and yield strength of the material. After the definition of the load
characteristics, the algorithm must find the orientation, where the value
of the average compression stresses along the print direction (fy) is

b)
o
e
i\
<o
3\3""6 ol

o\
N\

énglg oll
]

y Pl X
o

Fig. 5. a) Angles between the Principal Stresses and the build tray, and b) components of the Principal Stresses.
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Fig. 6. Emerged Principal Stress lines inside a) beam with compression load, b) beam with tensile load, ¢) Hinge, and d) Bracket.

minimal and the average value of the maximal tension stresses along the
build tray’s plane (parallel with the layers) are maximal, which in this
case means also minimal due to the negative multiplier (f;). Due to the
adverse effects shown above, it is primarily important to avoid applying
tension load perpendicular to the layers. It can either be an acceptably
low emerged tension stress or (negative) compression. For the algorithm
to determine the best case among the combinations and to initialize the
multi-objective optimizations, firstly the “No Preference Method” relation
(4) can be used:

Minimize :  ||f(X)-z" || )
subject to : X eS
where X are all the elements inside of an S feasible region, and Zidedl jg

the theoretical value, which suits the conditions the best, but unattain-
able. Since %% is not a feasible solution, the algorithm should aim to
find the print orientation which is closest to this point.

Assume that one has sufficient information and experience to
determine the preferences. Then, from the objectives, it is possible to
determine, based on proportionality, which one is more relevant and
which one is less. Thus the No Preference method can be replaced by a
Priori Weighting method. The generalized relation is (5), where w; is the
weighting factor for the objectives.

k

Minimize : S wifi(X)
i=1
subject to : X €S
. (5)
where : w; > Oforalli=1,...,kand

k
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3. Results and discussion

As a result of the numerical simulations, all of the Principal Stress
directions have been determined for each node. For representation
purposes, the program highlights the Maximum principal stress with red
arrows, the minimal principal stress with blue arrows, and the middle
principal stresses with green arrows (Fig. 6.). It can be seen that for the
two beams only compression or tension stresses have been formed,
respectively to the direction of the applied force.

The initial orientation is theoretically the best for the beam with
compression load geometry, since it can be read from the figures that all
of the compression PS lines are parallel with the Z (print) direction.
Therefore, it is expected that the algorithm will find this as optimum.
However, the initial orientation of the beam with tensile load is the
worst, therefore the algorithm must rotate it 90 degrees around at least
one axes, to make it lay down on the build tray. In this case, the load
direction turns parallel to the layers, which means that the part becomes
more loadable.

For the Hinge geometry, the force flow represented by the Principal
Stresses is also rather simple, the best printing orientation, or the
orientation close to the optimum could be determined easily without the
algorithm. However, the bracket geometry has both significant tensile
and compression stresses, and the emerged force flow is rather complex.
Therefore, the assessment of the adverse effect and the most appropriate
print orientation is more challenging. In this case, the load direction.

Confrontational plots can be seen in Figs. 7-10 related to the results.
The computational time for each tested geometry was under 15 min.
However, this time is highly affected by the angle resolution. Table 1.
contains the computational time of the tested geometries with different
angle resolutions.

On the Figures below the points represent the possible variations in
the search space. As per the multiple objective optimization re-
quirements, the Pareto optimal set has been found, since the set of
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Fig. 8. Results for beam with tensile load.

feasible solutions dominates over the others. It can be stated, that for all
shapes a set of possible orientations are dominant over the others, thus
the selection among them can be performed. Based on the optimization
objective, the resulting stress values for the best orientations should be
located around the lower-left corner. In all cases, it must be borne in
mind that the stress generated never exceeds the maximum permissible
limit value. Therefore, if a load pushes the limit of component toler-
ances, the extremums of the Pareto optimal may no longer meet the
requirements.

Based on the numerical result each solution vector of the Pareto front
meets the boundary condition, e.g. none of the adverse stresses are
exceeding the limits. Therefore, the selection can be made by the
decision-maker. At first, it is assumed, that the decision-maker does not
have any prior information about the goal objective. Therefore, the so-
lution, which best fulfills the requirements is selected by using the No
Preference Method to select the best orientation from the Pareto optimal
set. The introduced relation (4) can be extended and solved as follows
Eq. (6):

Journal of Manufacturing Processes 84 (2022) 1094-1102
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Fig. 10. Results for bracket.
Table 1

Computational time of the tested cases.

Computational time (sec)

Beam with Beam with Hinge Bracket
compression tension
Angle resolution 10  731.14 736.8 494.62  891.43
(deg) 30 36.56 36.84 24.73 44.58
45 11.84 11.51 8.34 14.37
60 6.11 5.97 4.14 7.47
90 2.83 2.83 2.02 2.98
k : 1
Minimize : Y (fi(%) — 2% )" |»
= (6)

subject to : xYes

The location of %@ has been defined by the lowest feasible adverse
stresses for all geometries. The value for p is selected in most cases asp =
1, 2, or 0. Since the dominant objective vectors may form a non-convex
problem the value 2 has been selected, as it serves the requirements the
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Original No-preference Weighted
0-0-0 0-0-0 0-0-0
a) ’
0-0-0 0-90-90 0-90-90
b) ’
0-0-0 60-0-140 100-180-30
c) ’
0-0-0 90-0-80 90-0-80

d)

3

Fig. 11. Representation of the rotated orientations a) beam with compression load, b) beam with tensile load, ¢) hinge, and d) bracket.

best.

According to the second optimization method, by assuming some
inequality between the objectives the weighting method was used. Since
in this particular optimization problem, there are only two objectives to
aggregate, the relation for weighted optimum (5) can be simplified to
Eq. (7).

Minimize : 7 = (1 —w)Ai(F) +wf,(X)
where : 0<w<l

)

In this Eq. (7), f1 refers to the first objective, that the inverse value of
the tensile stresses parallel to the layers must be minimized and f> is that
the compression stresses perpendicular to the layers must be minimized.
For the second objective, remember that the compression stresses are
represented as negative numbers, thus the most minimal value means
the maximum emerged compression stress in that direction. To select the
value for w, the collected reference data has been used for FDM tech-
nology. From their combined results it can be determined, that the
comprehensive ratio of the loads in different directions is 1.83 for tensile
and 1.33 is for compression. It means that the part created by this
technology is more sensitive to the tensile stress direction than the
compression’s direction. Quantifying this sensitivity, w was chosen to be
0.58 to proportionally express the more dominant role of f; in the
optimization.

On the plots of the results of the two beam geometries, it can be seen
that depending on the applied force direction the tension or the
compression stresses are negligible. Because of this, the two objective
optimizations could be reduced to one objective for both cases, and the
optimum is the orientation where significant stress (tension or
compression) is the largest in absolute terms. This is most pronounced at
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the beam with a compression load, as there is a privileged direction that
perfectly satisfies both aspects so this orientation always dominates over
the others.

On the plots of the Hinge and Bracket shapes, it can be seen that the
result points are locally condensed in some places. This can be explained
by the fact that in a given resolution but all orientations have been
examined, whereas the results of certain orientations do not differ
significantly from the point of view of the study, they can be considered
equivalent results. The reason why these obtained points do not overlap
can be explained by the fact that the result of the simulation may be
slightly different on both sides of a symmetric piece due to the inaccu-
racy of the mesh and slight rounding errors in the calculation.

Since the Hinge’s load condition was rather simple, mainly tension
stresses have occurred, but due to the hole in the middle, some
remarkable compression has emerged. A few clusters can be seen in
Fig. 7. since due to the semi-symmetric geometry and simple load case,
some positions are equivalent. The most favourable orientation based on
the No Preference Method and according to the Euler transformation is
60-0-140, compared to the original state (0-0-0), X-Y-Z respectively.
The best rotation based on the weighted sum method is the same 100-
180-30.

The results of the bracket geometry also show the island-like point
concentration, which is the result of the same effect. Due to the more
complex emerged stress states the part has less symmetry plane, there-
fore, the distribution in the objective space is more scattered. It can be
said, that there are printing orientations that cause significantly worse
mechanical resistance of the part than some others. The best orientation
for both according to the No Preference Method and the Weighted Sum
Method is with the Euler angles 90-0-80. As the weighting factor used is
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Table 2
Numerical results of the favourable stress components.
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Original

No-preference

Weighted

oy (tens.)[MPa] 6, (comp.)[MPa]

oy (tens.)[MPa]

6, (comp.)[MPa] oy (tens.)[MPa] 6, (comp.)[MPa]

Beam with compression load ~0 -12.29 ~0 -12.29 ~0 -12.29
Beam with tensile load ~0 ~0 12.29 ~0 12.29 ~0
Hinge 8.01 —0.433 7.98 -1.89 7.71 —2.55
Bracket 2.88 —0.461 3.33 -3.61 3.33 -3.61
Table 3
Numerical results of the adverse stress components.
Original No-preference Weighted

o) (tens.)[MPa] oy (comp.)[MPa]

o, (tens.)[MPa]

oy (comp.)[MPa] o) (tens.)[MPa] oy (comp.)[MPa]

Beam with compression load ~0 ~0
Beam with tensile load 12.29 ~0
Hinge 0.92 —2.59
Bracket 1.71 —3.63

~0 ~0 ~0 ~0

~0 ~0 ~0 ~0
1.16 -1.83 2.37 —-0.65
0.33 —0.58 0.33 —0.58

not particularly significant, this orientation fits both methods. In Fig. 11
the representation of the original and the rotated positions can be seen.

It can be seen that for all geometry some other similar orientations
can all be suitable, but due to the inaccuracy of the simulation results,
the algorithm will always find a position that is minimally but dominant
compared to the others. For example, in the case of the Bracket, the
algorithm found the optimal position, but by rotating it around the
printing direction (z-axis) a similarly favourable orientation can be
found. The quantified results for the orientations obtained in the
favourable and adverse directions are given in the Table 2 and Table 3.
Here the favourable stress components correspond to the load cases
marked with a green tick in Fig. 2, and the adverse stress components are
according to the load cases marked with red X.

Since the optimization objectives were to maximize the favourable
stresses, consequently this means that the adverse stresses will be min-
imalized, as they are perpendicular to the investigated objectives. As can
be seen from the results of the two beams, only one of the objectives was
significant and at the optimal orientation. These have the largest
possible numerical values (in absolute terms) for the optimal position,
and for the adverse components, the values are minimal. For the hinge
geometry, the original orientation would be the best for the tension
stress objective, but with the rotation along the longitudinal axis, the
secondary objective was improved, while the first objective was just
barely degraded. At the bracket, both objectives were improved with the
appropriate orientation.

4. Conclusion

As several previous research have presented, additively manufac-
tured components have significant anisotropy. The mechanical perfor-
mance of the parts can significantly be improved by choosing the right
printing orientation, as this minimizes the detrimental effect of layering.
In this paper an algorithm has been developed, which aims to find a
build orientation, where the adverse load cases are reduced, therefore
the expected load resistance can be increased. Based on results, that can
be associated with the anisotropy of orthogonal main directions, the
optimization relation can be determined. The necessary steps of the al-
gorithm are the following:

. Perform a numerical simulation to get the Principal Stress vectors
inside the part under a specific load case.

. Breaking down the obtained result directions into components to
obtain the favourable and adverse degree of tension or compression
for each node examined.
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3. By rotating according to the Euler angles, check the stress magni-
tudes according to the point above at each position.

4. From the obtained results a set of possible best orientations can be
determined.

Of the four geometries examined, the optimal orientation of the two
beams can be easy without calculation, therefore, it proves the reli-
ability of the algorithm. However, in the case of the other two complex
shapes, without calculation there is no close estimation, so the useful-
ness of the presented method is proved. In future work, the proposed
algorithm must be extended with a feature recognition function, as with
the Principal Stress approach, only the emerged tension and compres-
sion at the concentrated points of the optimization domain was inves-
tigated. However, for highly complex shapes with interrupted surfaces,
the shear stresses cannot be neglected.
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