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Abstract

Laser powder bed fusion of metals (PBF-LB/M) is a widely used additive manufacturing process known for its ability
to create complex geometries with high precision. However, the necessity of support structures in PBF-LB/M leads to
significant material and energy consumption, impacting overall efficiency. This work investigates a novel approach
combining numerical process simulation with a user-friendly software tool to design resource-efficient tree support
structures. A demonstrator part, manufactured from Ti6AI4V titanium ally, is used to validate the effectiveness of these
generative support designs. The accuracy of the process simulation is assessed by comparing numerical results with
geometrical deviations, obtained by 3D scanning the additively manufactured demonstrator parts. Additionally, the
newly designed support structures are compared against widespread block supports, focusing on material consumption
and geometrical precision. The demonstrator with tree supports shows 34.48 % less mean deviation than the one with
block supports while being slightly lighter. These results demonstrate that the presented approach allows for the
creation of individualized and efficient tree support structures, leading to faster print preparations, less misprints and
therefore reduced manufacturing costs. Moreover, new manufacturing limits for thin rods in PBF-LB/M are identified
by the successful fabrication of 50 mm long rods with minimum diameters of 0.3 mm and inclination angles to the built
plate greater than 20 °, as well as vertical rods up to 300 mm in length. This increases the design freedom for
components and support structures in PBF-LB/M processes drastically. Overall, the integration of advanced support
design techniques shows promise for enhancing the sustainability and cost-effectiveness of PBF-LB/M.

Keywords: additive manufacturing (AM); laser powder bed fusion of metals (PBF-LB/M); tree support structure;
design guideline; titanium alloy Ti6Al4V; generative design

1 1 ducti contribute  significantly to material and energy
ntroduction consumption, increased manufacturing times and
extensive post-processing, thereby inflating overall
production costs [9]. Traditional support types, such as
block and lattice supports, often result in inefficient
material usage and can be challenging to remove,
highlighting the need for optimized solutions. Addressing
these inefficiencies is a key priority for advancing the
sustainability and cost-effectiveness of PBF-LB/M.

Laser Powder Bed Fusion of Metals (PBF-LB/M) is a
widely adopted additive manufacturing (AM)
technology, particularly valued for its ability to produce
highly complex geometries with high precision and
excellent mechanical properties [1], [2]. This process has
found critical applications in industries such as
aerospace, healthcare, energy, and automotive, where
customized, lightweight, and mechanically robust
components are in high demand [3], [4], [5]. While
PBF-LB/M offers substantial advantages over traditional
manufacturing, the process faces challenges that limit its
efficiency and sustainability, such as potentially high
residual stresses and anisotropic mechanical properties

(61, [71.

One of the most significant challenges in PBF-LB/M is
the necessity of support structures, which stabilize

To overcome these limitations, recent research has
focused on optimizing support structures through
advanced design techniques, such as topology
optimization and generative design algorithms [10], [11].
Among these innovations, tree-like support structures
have gained attention for their potential to reduce
material usage and simplify post-processing [12], [13].
Inspired by natural branching patterns, tree supports offer
minimal contact points with the manufactured part,

overhanging features during manufacturing, dissipate
heat and mitigate thermal stresses to prevent part
deformation [8]. These supports are essential for ensuring
stable processes and geometrically accurate parts but

facilitating easier removal and reducing the risk of
surface damage [14]. These supports have been shown to
perform effectively in managing complex geometries and
overhangs, making them highly suitable for a variety of
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AM applications [15], [16], [17]. The development of
tree-like supports is expected to significantly improve the
sustainability and cost-effectiveness of AM processes

(91, [18].

This study builds upon prior developments in tree-like
supports by integrating numerical process simulations
with a user-friendly software tool for the design of tree
supports. By combining generative design with
simulation-based optimization, this approach aims to
create resource-efficient and individualized support
structures tailored to specific geometries and
manufacturing conditions. To validate the methodology,
a demonstrator part was produced using Ti6Al4V
titanium alloy, and the performance of tree-like supports
was compared against commercially wide spread block
supports. Key evaluation metrics are material
consumption and geometric accuracy. Additionally, a
parameter study on thin rods made out of titanium alloy
Ti6Al4V is conducted to expand the manufacturing limits
and increase the general design freedom of the
PBF-LB/M process.

The integration of advanced simulation tools with
innovative design methodologies represents a significant
step toward enhancing the overall efficiency of
PBF-LB/M. This work not only addresses critical
limitations associated with traditional support structures
but also provides a pathway for improving the
sustainability and precision of AM processes. The
findings presented in this study contribute to ongoing
efforts to expand the design freedom, reduce resource
consumption, and lower overall production costs in the
field of additive manufacturing.

2 Related works

A software tool for the generation of tree supports was
developed in previous works. It allows the creation of
material and energy efficient support structures without
much user experience. It could be shown that material
savings of the support structures of up to 85 % are
possible when simulatively compared to block supports,
while exhibiting comparable displacements [15].
Additionally, the software tool enables the export of the
generated tree supports as volume models in the Standard
for the Exchange of Product Data format (STEP). In
contrast to the prevailing tessellated formats, the STEP
format allows the subsequent manipulation of the
supports in arbitrary Computer aided Design (CAD)
softwares as well as the effective integration into the
toolpath planning of most common computer aided
manufacturing planning tools for automated and efficient
post-processing [12]. Waldschmidt et al. [13] used the
software tool in their latest publication to generate
resource-efficient and tree-like add-on structures with the
goal of simplifying the automated, mechanical
postprocessing of AM parts. The software tool leads to
the fast generation of well adapted, material efficient and

flexible tree support structures. See [15] and [19] for
further details of the developed software tool and section
4.2 for advancements and changes in the code.

3  Methodology

The work at hand aims to deepen and expand the findings
on the developed tree generation software tool. A
parameter study on thin rods with varying diameters,
lengths and angles of inclination was conducted to
validate the standard parameters in the software tool and
a small design guideline for thin rods manufactured in
Ti6Al4V by PBF-LB/M is presented from the results. A
demonstrator part from the aerospace sector was used to
showcase an optimized process chain including process
simulations and the adjustment of the generated tree
supports. The demonstrator model was then printed once
with the adjusted tree supports as well as once with
commercially widespread block supports and both
demonstrators were 3D scanned subsequently.
Additionally, the weight of both support types was
measured, which allows the comparison between them,
based on the process simulations and the scanning
results. Moreover, the results from the scans and the
simulations were compared to evaluate the predictive
accuracy of the simulation model used in this work.

3.1 Parameter study

The test component of the
parameter study consists of 44
thin circular rods with varying
diameters, lengths and inclination
angles to the built plate. Table 1
shows the design of experiment
including all parameter
combinations considered in this
study and a picture of the printed
study can be seen in Figure 1.

300 mm

To evaluate the study, the
accuracy of the printed rods in
terms of inclination angles and i
lengths was measured. Several
3D scanning systems were tested
for this purpose but failed to catch
the intricate geometries.
Therefore, a protractor and a
caliper gauge were used. The
measurement errors of these
devices were tested by repeating
measurements, resulting in an
angular error of 0.46% and a
dimensional error of 0.56 %,
respectively.

Figure 1: Parameter
study on thin rods
manufactured by
AM. The scale is
given by the tallest
rod with a height of
300 mm.

3.2 Process chain

An optimized process chain for
the AM of metallic parts has been
developed by Hiinting et al. in [12]. The adapted version
of this process chain is shown in Figure 2. It starts with



the generation of tree support structures, which can then
be optimized in an iterative loop (represented by the
dashed line in Figure 2) using process simulation. When
the iteration loop is finished, the part is additively
manufactured, followed by a stress relieving heat
treatment and the manual support structure removal.

Additive
manufacturing

Component
Design

Generation of
tree-like
support

structures

Heat
treatment

Manual
support
structure
removal

Simulation of
the additive
manufacturing
process

Adjustment of
LR the support
structures

Finished
component

Figure 2: Flowchart of the optimized process chain for
the additive manufacturing of metallic parts.

This process chain enables the creation of well-adapted
and reliable support structures. Application of the
optimized process chain to the demonstrator part is
presented in the sections 4.3 and 4.4 of this work.

3.3 Process simulation

The process simulations of this work are finite element
analyses that were performed in Netfabb Local
Simulation 2023 from Autodesk [20]. The material
properties of Ti6Al4V are taken from the software’s
material library and the Nikon SLM500 machine with
four lasers was selected. An adaptive mesh, consisting of
cubic voxels of different sizes, was created using a
padding tolerance of 0.05 mm. The minimal wall
thickness value was set to 0.13 mm for the block supports
and 0.24 mm for the tree supports. These rather fine mesh
settings lead to elongated computation times but are
necessary because of the delicate features of the block
supports. All simulations are carried out with the support
structure failure criteria set to 1050 MPa. The steps of
each process simulation include the PBF-LB/M process,
a standard stress-relief heat treatment for two hours at
700 °C and the removal from the built plate, followed by
the removal of the support structures.

For further details on the chosen laser and process
parameters of the process simulations the reader is kindly
referred to [15].

3.4 Additive manufacturing

Both demonstrators (with block and tree support) and the
parameter study were manufactured in a single printing
process by the Fraunhofer IAPT on a Nikon SLM500
quad PBF-LB/M machine [21]. The machine features a
build envelope of 500 x 280 x 365 mm?, Ti6Al4V was
used as material and the layer thickness was set to 60 pm.
Refer to Figure 1 for the printed parameter study and to
Figure 4 for the printed demonstrator models.

Subsequently to the printing itself, all parts were
carefully extracted from the powder bed, the parts were
removed from the built plate via wire erosion under water
and remaining powder was removed from the
components. Both demonstrator parts were subjected to
a heat treatment before the support structures were
removed manually.

3.5 Measurement of geometric deviations

Due to the organic and complex geometry of the
demonstrator model, it was not feasible to measure the
geometric accuracy with conventional measurement
equipment. Alternatively, the 3D scanning system
VL-500 coordinate measuring machine from Keyence
was used for that purpose. It has a geometric accuracy of
+ 10 um and the associated scanning software Keyence
VL-500 Application Series provides the possibility to
combine scans from different angles, create 3D CAD
comparisons and analyse the scanning data [22].

4  Results and discussion

In this section, the results of this work are presented and
discussed.

For more detailed information on the software tool and
the analysis done in this work, the reader is kindly
referred to the supplementary material [23]. It contains
the source code of the software tool, a complete list of all
improvements on the tool, pictures from the 3D scanning
process and of the demonstrators from other
perspectives. Additionally, the locations of all reference
points and a complete table of all local deviations
(scanned and simulated) at these reference points are
included.

4.1 Parameter study

35 out of the 44 rods of the parameter study were
fabricated successfully within the tolerances of the
measuring instruments (Figure 1).

The results of the analysis can be found in Table 1.
Multiple values within a single cell indicate that the result
applies to all possible combinations in the corresponding
row. It shows that the PBF-LB/M process is able to
manufacture Ti6Al4V rods with lengths of 50 mm



successfully as long as diameters are greater than 0.3 mm
and angles of inclination between the rods” mid axes and
the built plate are greater than 20 °. Additionally, all the
vertical rods with lengths between 70 mm and 300 mm
were printed successfully.

In contrast, the rods with a diameter of 0.1 mm were
either not printed at all or were broken at certain lengths.
The rods with a diameter of 0.2 mm and inclination
angles to the built plate of 20 °, 30 ° and 90 ° were
broken, whereas the remaining rods (25 °, 45°, 60 °)
were successfully built. The angular deviations of the
broken rods were not measured.

Table 1 Manufacturability of thin rods from Ti6AI4V
with a length of 50 mm and various diameters and angles
of inclination.
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There are multiple possible reasons for the unsuccessful
manufacturing of some of the rods. It is possible that thin
rods could not be properly manufactured in the
PBF-LB/M process. Furthermore, it could be that thin
rods were successfully manufactured in PBF-LB/M but
the filigree structures have been damaged during the
extraction of the component from the powder bed, during
the wire erosion from the built plate or during
transportation.

These findings are in line with results from literature
regarding PBF-LB/M with Ti6Al4V and even surpass
them in some aspects. Aputharaj et al. conducted a
similar parameter study in 2023 but restricted the lengths
of the rods to 10 mm. They stated manufacturability of
rods with a minimum diameter of 0.3 mm for even
smaller inclination angles of 10 ° [24]. A paper from 2015
investigated rods with a length of up to 80 mm and found
them to be manufacturable with minimum diameters of
0.5 mm and inclination angles of 30 ° [25]. To our
knowledge, no  previous study investigated
manufacturability of Ti6Al4V rods that are longer than
80 mm in PBF-LB/M. In this study we report successful
manufacturing of thin rods up to 300 mm in length.

4.2 Improvements to the tree support
generation tool

Several improvements and enhancements were
implemented to the tree support generating software tool
since it was presented in [15], including bug fixes,
optimisations of the graphical result output and a reduced
calculation time by approximately 50 %. Additional
parameters for an even more individualized standard
tessellation file (STL) export were added, enabling the
user to choose the accuracy of the meshing. When
exporting the supports as STEP files, it is now possible
to merge all branches into a single object as well as to
export the tree support as a stand-alone object.

Furthermore, changes to the generation of the tree
supports are implemented. Support branches and trunks
that are longer than a selectable maximum branch length
get their radii thickened by 25 %. Trunks that exceed the
maximum branch length by a factor of 1.5 or more are
executed with a conical shape. The results of the
parameter study (section 4.1) were used to set the
software tool’s standard parameters (e.g. maximum
branch length of 50 mm). Additionally, a new parameter
concerning the maximum diameter of the tree crown was
added, enabling the user to choose the size and therefore
the number of trees generated as well as to avoid first
level branches that are too long or too horizontal. To
achieve an easier support structure removal, the
attachment geometry of the tree supports to the
component was modified depending on the type of
connection to the component. The branch ends are
designed as hemispheres, when the branch connects to a
component’s surface. They are designed as cones, when
the branch connects to a component’s point or edge. To
increase the flexibility and adaptability of the software
tool even further, an import function was implemented
that allows the import of highly stressed points which can
be obtained from process simulations. Additional
branches with cones at their ends are then connected to
these points to ensure easy removability.

The behaviour of the software tool can be controlled by
nearly 30 parameters in total, which are stored in a
customizable configuration file.



4.3 Support structure generation and
adjustment

The adapted process chain (Figure 2) was followed for
the generation and adjustment of the tree support
structures for the demonstrator part. The demonstrator
model was imported into the software tool and tree
supports were generated (left picture of Figure 3) using
the standard parameter set, developed in [15]. The
generated tree supports were saved as STL file and a
process simulation was set up with this model as
explained in section 0. Then the iteration loop of the
process chain was entered by analysing the simulation
results with regard to the geometrical distortions
occurring during the whole process and especially after
completion of all manufacturing steps. It was determined
that some areas of the demonstrator part were not
sufficiently supported, whereupon the supports were then
adjusted according to the simulation results.

Figure 3: Generated (I.) and adjusted (r.) tree support
structures on the demonstrator part

To do this, highly stressed points from the process
simulation were exported first. To ensure a minimum
space between support branches a threshold of minimum
distance was applied, deleting some points from the data
set. The remaining points were then imported into the
software tool, increasing the number of generated trees.
The newly implemented crown diameter was decreased
from 25 mm to 15 mm to generate smaller tree crowns
and therefore more trunks to compensate for the higher
number of branches. To increase the general stability of
the supports, the radius factor was increased from 0.8 to
0.9 and the starting radius was increased from 0.2 mm to
0.25 mm. Lastly, a few branches that were too close to
each other, were deleted and one trunk was thickened
manually to compensate for high distortions predicted by
the simulation. These manual adjustments are solely
possible because of the STEP export function of the
software tool and improve the flexibility and adjustability
of the generated tree supports drastically. The
demonstrator with the adjusted tree supports is shown in
the right picture of Figure 3.

The block supports were generated by an expert for
additive manufacturing of the Fraunhofer IAPT, using
the software Magics from Materialise and are shown in
the left picture of Figure 4.

4.4 Additive manufacturing

The additive manufacturing was done according to
section 3.4. The support structures of both demonstrator
parts were removed manually using a pliers. In case of
the tree supports, the degree of difficulty of the removal
varied significantly depending on the feature. The first
level branches were relatively easy to detach but a
considerable amount of support residue remained on the
surfaces. Some of these branches were located in
hard-to-reach areas of the component, complicating the
removal process. The most difficult feature to remove
were the thick trunks. Ideally, these trunks should
terminate on the build platform rather than the part,
which was not consistently the case (right pictures of
Figure 4).

Figure 4: Additively manufactured demonstrator part
with block supports (I.) and tree supports (r.)

In general, the contact geometry of the block supports
allowed for slightly easier removal from both the part and
the build platform, though a similar amount of support
residue was left on the part. Areas in which the supports
were densely packed posed greater difficulty during
removal compared to the tree supports, while less dense
regions allowed for easier detachment.

Both models were weighed before and after the support
structure removal for a weight comparison. The tree
supports weigh 108.19 g, while the block supports weigh
slightly more at 109.31 g. The masses of the
demonstrator parts are 68.79 g and 68.64 g, respectively.
These measurements indicate minimal differences in
weight between the two support structure types with tree
supports being slightly lighter than block supports.

The tree supports facilitated a significantly easier
removal of residual powder, with much less powder
remaining in the structure compared to block supports,
despite undergoing wire erosion under water. The reason
for this is the larger free spaces between the tree supports.



4.5 3D scans and process simulations

The demonstrator parts were scanned individually by
placing them in the 3D scanning system in a standing
position with the help of clamps. Both parts were scanned
in two different positions, each time from eight different
angles to capture the whole geometry and the scans are
combined afterwards in the associated scanning software.
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Figure 5: 3D CAD comparison of 3D scanned deviations
of the demonstrator part, supported with block
supports (I.) and tree supports (r.). The numbered black
ovals (Al — A6) indicate analysed areas.

-0.50mm

The scanned data and the original CAD file of the
demonstrator are loaded in the scanning software and an
internal function is used to align the two models by
selecting the same three surfaces (front, bottom and top)
of the triangular feature with a hole, seen in the analysed
area A3 in Figure 5. A 3D CAD comparison is then
generated, showcasing the scanned geometric deviations
(+ 0.5 mm to - 0.5 mm) from the original CAD file as a
false colour map (Figure 5). Green areas in the colour
map represent little to no deviations from the CAD file.
Blue and red areas represent major deviations, whereby
the blue areas show deviations towards the inside and red
areas show deviations towards the outside of the CAD
file.

With the help of a preliminary analysis, investigating the
results of different referencing locations, a significant
influence of the location of alignment on the results of
the 3D CAD comparisons could be excluded.
Screenshots of this analysis can be found in the
supplementary material of this work [23].

To compare the geometrical deviations of the two support
structure types (block and tree supports), a total of 30
reference points was created in each model. They were
positioned at the same highly displaced or geometrical
interesting locations in both models. The local deviations
at each of these reference points were saved and
summarized in a table, which can be found in the
supplementary material of this work, as well as
screenshots showing the locations of all reference points
[23]. The reference points must not be mistaken with the

analysed areas (A1 — A6), which are shown in the right
picture of Figure 5 and are used in the following
discussion of the scanned results.

In order to facilitate a comparison between the results
obtained from 3D scanning and process simulations, an
additional 30 reference points were created in both
simulated models (Figure 5). These reference points were
positioned in the same locations as those used in the
previously presented 3D CAD comparison (Figure 6).
The evaluation of the deviations at these points was
conducted utilising an internal Netfabb function that
collects and saves the deviations of all elements
contained within drawn rectangles. The mean deviations
and their corresponding standard deviations of both parts
and from both types of analysis are shown in Table 2.
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Figure 6: Simulated deviations of the demonstrator part
after support removal, supported with block supports (1.)
and tree supports (r.)

Figure 6 shows the geometric deviations from original
CAD file of the demonstrator after support structure
removal, calculated by process simulations. Unlike the
3D CAD comparison results in Figure 5, the legend of
these plots does not distinguish between deviations
towards the inside and the outside of the original model.

The qualitative comparison of the scanned deviations
with the simulated ones showed that the tendencies align
in most areas of the demonstrator parts but the general
level of deviations is higher in the 3D scanned results for
both parts. The mean deviations of the 3D CAD
comparison, seen in Table 2 and obtained from the 30
reference points, are 96.24 % and 32.56 % higher than
the simulative predicted deviations for block and tree
supports, respectively.

The mean deviations of the tree support demonstrator are
34.48 % and 3.01 % smaller than the ones of the block
support demonstrator, obtained from the reference points
of the 3D scanned and simulated results, respectively
(Table 2).



Table 2 Mean deviations and corresponding standard
deviations of the demonstrator parts based on 30
reference points from process simulations and 3D scans.

Simulation 3D scan
Block Tree Block Tree
Mean deviation [mm] 0.133 0.129 0.261 0.171
Standard deviation [mm] 0.039 0.062 0.144  0.105

As can be seen in Figure 5 and Figure 6, the demonstrator
with block supports shows high deviations in both types
of analysis at the feature at the bottom left (A4 in Figure
5) and close to no deviations at the top of the
demonstrator (Al) and on the triangular feature on the
right side of the part (A3). The latter point is to be
expected as the 3D CAD comparison was referenced at
that triangular feature. Discrepancies can be recognized
in the central area of the part (A2) as well as at the lowest
strut (A5) where the scanned results exhibit significantly
more deviations than the simulation predicts.

The demonstrator, which was supported by tree supports,
exhibits little deviations in the central area (A2) and high
deviations at the bottom left feature (A4) in the 3D
scanned and the simulated results, whereas the top of the
part (A1) and the lowest strut (A5) show a significantly
higher level of deviations than the simulation. Contrary
to this, the feature at the bottom right (A6) is predicted to
show higher deviations than it does in the 3D scan results.

Table 3 Simulated maximum deviations of the
demonstrator parts with block and tree supports.

Block Tree
supports supports
Max. deviation (mag.) after 0.217 0.279

support removal [mm]

Contrary to the mean deviations, the simulated maximum
deviations (magnitude) of the tree support demonstrator
are 28.57 % higher than of the block supports
demonstrator (Table 3). This shows that the tree supports
lead to reduced mean deviations over the whole part
(simulated and 3D scanned) but also to higher local
maximum deviations when compared to block supports.
The process simulation shows limited capabilities to
predict these local maximum deviations, achieving more
precise predictions for the tree supports.

Potential reasons for the discrepancies between process
simulation results and 3D scans can be attributed to
several factors. First, the process parameters used during
manufacturing are proprietary and therefore not fully
accessible. This likely results in deviations between the
actual manufacturing conditions and the process
parameters assumed in the simulation, leading to
differences in the predicted and observed geometric

deviations. Second, alignment challenges during the 3D
scanning process may contribute to inaccuracies.
Specifically, aligning the scanned model with the CAD
reference is particularly difficult in the absence of well-
defined geometric features that can serve as precise
reference points. Consequently, the reference points used
for comparing the simulation and scan results may not
perfectly coincide, further exacerbating the observed
variations.

The aforementioned limitations underscore the necessity
for well-designed reference features to ensure enhanced
alignment and measurements with increased accuracy as
well as known PBF-LB/M process parameters for
improved simulative predictions of the manufacturing
process in future studies.

5 Summary and outlook

Novel tree-like support structures were assessed using
Ti6Al4V as material in the PBF-LB/M process. The
whole manufacturing process of demonstrator parts was
simulated and the results were compared to 3D scans of
the manufactured samples. An additional parameter study
was conducted to evaluate manufacturing limits of thin
rods. The following conclusions were drawn:

e Parameter study demonstrated new process limits for
PBF-LB/M with Ti6Al4V alloy and extends the
design freedom. 50 mm long rods were successfully
built with minimum diameters of 0.3 mm and
inclination angles to the built platform starting from
20 °, as well as vertical rods of up to 300 mm length
with 1.0 mm diameter.

e The examined tree supports performed well on a
complex part and 3D scanning of 30 reference points
yielded that the manufactured tree supports exhibit
34.48 % less mean deviation than the block supports
(0.172 mm compared to 0.261 mm) while being
slightly lighter.

e Tree supports enhance work safety significantly
compared to commercially widespread block supports
as they trapped a lot less powder.

e The mean deviations of the demonstrators, obtained
from 30 3D scanned reference points, are 96.24 % and
3256 % higher than the simulative predicted
deviations for block and tree supports, respectively,
demonstrating a more accurate prediction for the tree
supports. Known process parameters could lead to a
significantly increased accuracy of the process
simulations and should be analysed in future
investigations.

o More precise measurements of the deviations could be
achieved by using less organic and less round
benchmark parts that allow for a more accurate
positioning of the measuring points. Moreover, this
approach has the potential to further improve the



precision of the alignment between the scanned
models and the CAD file.

o Further research should focus on the trunks of the tree
supports that were ending on the component instead of
the built plate. The algorithm should be improved to
prevent the generation of such trunks.
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