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Abstract 

By combining simulation and generative design, a software tool was developed that generates individual support 
structures in the form of trees. The objective is that even users with little experience can manufacture components with 
efficient support structures using PBF-LB/M. The key element of the method is the use of tree structures whose shape is 
generated by algorithmic, biological growth using botanical methods. Topology optimization, which has already proven 
itself in the design of optimal support structures, was used to optimize the support structures of three benchmark parts. 
The generated trees were then compared to commercially available tree-like supports and block supports using Finite 
element analysis to simulate the PBF-LB/M process. The simulation also included a stress relief heat treatment and the 
removal of the part from build plate and supports. Based on the knowledge gained from the numerical assessment of the 
generated tree supports, the created tool allows the user to generate highly material-usage efficient supports with block 
support-comparable capabilities without requiring any previous experience of the subject.  
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1. Introduction 

Over the past few years, additive manufacturing (AM) has become one of the leading options for 
manufacturing. Contrary to conventional subtractive methods, AM relies on layer-by-layer production [1] 
which allows to produce geometrically complex designs [2]. Among the different AM technologies available, 
powder bed-based production of metallic components by laser powder bed fusion of metals (PBF-LB/M) [3] 
has taken over most of the research community’s focus [4]. The combination of complex designs with excellent 
material properties achieved through PBF-LB/M surpasses conventional manufacturing processes and has 
proven to be successful in fields of application such as aerospace [5], medical [6], and energy [7] sectors. 

The manufacturing process of components using PBF-LB/M begins with the application of a powder layer 
of metallic material onto the building platform, which is melted with the help of a laser. After the material has 
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Fig. 1. (a) Schematic of generation of tree-like topology optimized support structures by 2D topology optimization reprinted from [8]; 
(b) screenshot of benchmark parts 1, 2, 3, 4 and 5 on build platform reprinted from [9]. 

solidified, the build platform is lowered, and the process is repeated layer by layer until the component is built. 
However, contractions of the molten material cause residual stresses that can lead to cracking, recoater 
interference, and component failure due to layer separation from the build platform [10].   

In order to obtain the parts, elements known as support structures are often needed to act as fixed 
structures for the already solidified regions such as overhanging structures to support them and remain 
balanced throughout the print job. In addition to these two functions, support structures help avoid residual 
stresses and distortions by redistributing and dissipating the heat that is generated during the process. As a 
result, these elements play a key role when manufacturing components using PBF-LB/M technology [11].  

Nonetheless, the printing of the support structures causes additional material and energy consumption as 
well as extended printing times which ultimately leads to increased overall costs [11]. Nowadays designs for 
support structures are not optimized for the part to be printed. In the individual and small series production 
of components, this leads either to oversizing of the support structures or to misprints. Among the main tools 
used to overcome this problem, Topology Optimization (TO) has become one of the most interesting 
approaches due to its high material exploitability and low distortions that can be achieved [12]. 

Specifically, tree support structures are highly resource-efficient and can be described using approaches 
from algorithmic botany. Algorithmic botany has developed methods to describe biological growth through 
algorithms. Preliminary work has shown that the optimal structures have a tree-like geometry [13]. As seen in 
Fig. 1 (a), Bartsch developed an algorithm-based TO for part-specific support design aiming to advance today’s 
additive manufacturing toward first-time-right production. The resulting 2D TO validated for a series of 
benchmark parts shown in Fig. 1 (b), with Ti6Al4V as the use-case material, demonstrated that the support 
structures can be tailored for the parts without the need of user experience [14].  

To our knowledge, few attempts on 3D tree-like support structures optimized for the PBF-LB/M process 
have been reported in literature. This study presents a new software tool that can generate 3D tree support 
structures inspired by TO and presents its capabilities by comparing it to commercially available supports. 
Residual stresses, geometrical distortion, and materials usage were the main parameters that were evaluated. 

2. Related work: 2D topology optimization as starting point for the tree generation 

In the thesis of Bartsch it was investigated if the digitalization of support design and removal in PBF-LB/M 
processes has the potential to decrease support costs and lead to a first-time-right production [14]. Therefore, 

1 

2 

3 

4 

5 



 LiM 2023 - 3 

an automated, load-based approach for support design was developed. The base of this approach were the 
results of topology optimizations with realistic load cases, received from process simulations, as inputs.  

The material used in the thesis was the titanium alloy Ti-6Al-4V because of its popularity in PBF-LB/M 
processes and its high melting point leading to a high sensitivity regarding residual stresses. A comprehensive 
material model, including thermo-physical, optical and mechanical properties, was derived for use in further 
calculations and experiments.  

Systematic mechanical TO studies have been carried out to elaborate design rules for the creation of 2D 
tree supports. The goal was to minimize the support costs, mainly by reducing the support volume, while 
maintaining a predefined structural integrity. For easier support removal and reduced computational effort, 
the topology optimizations were accomplished in two dimensions only. The contours of the 2D trees were 
determined, the topologies were drawn in manually and the evaluation parameters were measured. The final 
parameters can be seen in Fig. 4 (a). 

In the next step the Space Colonization algorithm was chosen for the support design and was implemented 
using the Grasshopper plugin of the Rhino 6 CAD software. A rectangular grid of points was created and 
projected on the part geometry. After that, all the points are deleted which are located outside of the design 
domain or on surfaces which do not violate the angle restriction. The stresses at these support-part-interface 
points (anchor points) were interpolated from the simulation results and the trunk was created in the centre 
of loads of the tree. Afterwards, the Space Colonization algorithm was applied to obtain the topology of the 
tree. The forces which have to be compensated at all anchor points were calculated using the yield strength 
of the material and the stresses which were obtained from the process simulation. In a last step these forces 
were used to calculate the widths of all branches which were then used to finally model the whole 3D topology 
of the tree.  

Then a benchmark test consisting of five different parts was developed to evaluate the quality of the 
developed methodology for generation of 2D tree supports concerning economical and technical evaluations. 
Each of the parts exhibit at least one type of common geometrical feature, including curved and straight edges 
and surfaces as well as material accumulations and free bar elements to provoke overheating and distortion, 
respectively. The benchmark test was executed, comparing cone, block and 2D tree supports in two different 
hatch distances. It was shown that both variants of the newly developed 2D tree supports required significantly 
less support volume than the cone and block supports, while being nearly as good in dissipating heat as the 
cone supports and considerably better than the block supports. The economical benchmark test showed, that 
the 2D tree supports exhibit low manufacturing costs because of their reduced support volumes but 
mandatory additional steps in support design increase the design costs. The author stated that increasing the 
lot sizes would lead to significantly reduced costs in 2D tree supports compared to both standard supports.  

3. Method 

The first part of this section gives an overview on the development of the tree generating code, stating the 
used software and libraries as well as mentioning the different approaches of botanical algorithms that were 
tested. The second part focuses on the validation of the programmed code using a Finite element analysis 
including a stress relieving heat treatment to compare the generated tree supports with two commercially 
available support structures. 

3.1. Development of the tree generation code 

The intention of the development was to use freely available libraries to avoid license conflicts. Therefore, 
development of the tree generation tool was done with Python [15], mainly using numpy [16], trimesh  [17] 
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and pythonocc [18]. The trimesh library was used to analyse the mesh representation of the part. The data 
structures of trimesh are basing on numpy, so it was used for most of the calculations. The geometry and mesh 
creation as well as the STEP export use pythonocc, based on OpenCascade [19] Technology modeling kernel. 

For the development of a 3D tree generation tool, the algorithm used to develop the trees is essential. 
Therefore, two well-known botanical algorithms, L-Systems [20] and Space Colonization [21], were analysed. 
Both algorithms try to describe the biological growth of trees. The L-Systems algorithm is starting at a given 
point and generates branches according to specific rules, until a predefined boundary is reached. The Space 
Colonization algorithm also starts at a given point and tries to reach predefined endpoints where the growth 
of a branch stops. These behaviours and the requirements led to the disqualification of both algorithms. 

For both algorithms, the starting point must be calculated before the tree generation starts, so the 
complete part has to be analysed at the beginning. The L-Systems algorithm tries to reach a boundary surface 
and generates more or less random contact points with this surface. So, the position and the distance between 
theses points cannot be predicted. The Space Colonization algorithm increases the thickness of the already 
created branches with each iteration. At the end, often there are some points which are difficult to reach, but 
the algorithm tries to reach them nevertheless by increasing the diameter of the branches. In the end this 
leads to a massive clump instead of a tree. A “tree” generated with Space Colonization in a preliminary study 
is shown in Fig. 2 (a). The green points are reached, and the red points are unreached after 100 iterations. 
Therefore, L-Systems and Space Colonization were rejected as solutions for this study.  

A simpler algorithm was investigated instead. The input for the algorithm is a point cloud with uniformly 
distributed points on the surface of the part. Starting with the first point, a search for the four closest 
neighbours with a k-d tree [22] is carried out. The centre point of the polygon, defined by the five points, is 
moved downward below the lowest of the five points. Then the angles between the Z-axis and the connection 
line from the lowered centre point to the polygon points are checked with the predefined support angle value. 
If the connection line angles are higher than the support angle value, the centre point is moved downward 
until the angles fall below the support angle value. The connection lines between the lowered centre point 
and the polygon points form the first branches. The iteration is started again with the next five points until all 
points on the surface are consumed. Then the iteration starts a new layer of branches with the lowered centre 
points until only one point remains. This point is used to build the trunk. With each new layer of branches the 
radius of the branches is increased.  

The result of top-down tree algorithm is shown in Fig. 2 (b). A short, animated video of the simulation can 
be found in Appendix A.1. The advantages of this algorithm are that all points are consumed, the trunk is close 
to the centre of the surface and the angle of the branches can be controlled.  

After the successful development and implementation of a preliminary version of the tree generation code, 
the implementation of additional features, such as detection of overhanging surfaces, edges and points as well 
as the integration of process simulation results, a STEP export function and many others, began. 

Fig. 2. (a) Space Colonization “tree”; (b) top-down tree. 
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3.2. Validation using an AM simulation tool 

For validation of the generated tree supports, PBF-LB/M with stress relief heat treatment Finite element 
analysis was performed on three out of five of the benchmark parts suggested by Bartsch [14] (Parts 1, 3 and 5) 
using Netfabb Ultimate Simulation Local 2023 software and comparing the results with Block Supports (BS) 
and commercially available tree supports from Netfabb (NFS).  

The BS and NFS cases, shown in Fig. 3 (a) and (b) respectively, were created in Autodesk Netfabb Ultimate 
2023 and then simulated in the Finite Element Analysis (FEA) module. The volume occupied by the block 
supports was 12 %. The NFS were obtained imposing an overhang angle of the 35° for all surfaces that required 
support. 

Fig. 3. Supports on Part 1; (a) Block Support (BS); (b) Netfabb Tree support (NFS); (c) BEST Support (BESTS). 

The benchmark parts evaluated with the BEST support (BESTS), shown in Fig. 3 (c), were loaded into the 
FEA module differentiating between part and support. 

The building platform selected for the simulation was that of a SLM500 machine with four lasers and the 
material properties for Ti6Al4V were obtained from Netfabb Ultimate Simulation Local library. Laser 
parameters for the simulation were chosen as follows: Laser power was fixed to 240 W with a beam diameter 
D = 0.15 and heat absorption efficiency of 40 %. Travel speed was set to 1200 mm/s with a layer thickness of 
t = 0.06 and a hatch spacing of h = 0.1 mm.  

The element size of the finite element meshes were chosen to be 0.3 mm with a padding tolerance of 
0.01 mm. This mesh configuration allowed to obtain good sensitivity of results with an average simulation 
time of 45 min associated to each simulation. For all simulations, the support-structure-failure-criteria 
parameter was activated and fixed to a value of 1050 MPa. After the PBF-LB/M process simulation, the 
simulation continued with a standard stress-relief heat treatment for Ti6Al4V at T = 700 °C for t = 2 hours. 
Following the heat treatment, the build plate and supports removal were simulated for each part in this order.  

4. Results 

The design parameters of the developed code are presented and explained in the following section. It is 
shown which values were modified. Afterwards the implementation and functionality of the tool to generate 
the tree support structures is expounded. The last subsection discusses the assessment of the obtained results 
from the simulations regarding the number of failed elements, the maximum displacements and the material 
usage of all three tested support structures. 



 LiM 2023 - 6 

4.1. Final design parameters for tree supports 

Bartsch found several parameters to evaluate the two-dimensional support trees, which were created in 
her thesis [14] and are shown in Fig. 4 (a).   

The three-dimensional tree supports developed in this work can be adjusted by manipulating up to ten 
parameters of the developed code. Fig. 4 (b) shows all relevant parameters. Some of these parameters stayed 
unvaried, like the maximum overhang angle of each branch with respect to the Z-axis (θ = 54°) and the initial 
radius of the support branches at the anchor points (ro = 0.2 mm).  

The parameters used to modify the topology of the supports are the number of subbranches K, the grid 
step G and the radius factor rf. By changing K, the number of subbranches that combine into a branch or trunk 
is chosen. An increased K-value leads to less layers of branches. K-values greater than 5 will result in the 
excessive elongation of first-level branches, thereby increasing the height of the tree and substantially rise the 
risk of generating a trunk below the build platform. Because of this and the fact that high values of K also result 
in unwanted thick trunks, the optimal K-value was found to be 5. For the surfaces which require support, the 
grid step G defines the distance between the anchor points generated from the code. Higher values of G mostly 
decrease the used support volume due to less branches being generated. To avoid branches and trunks with 
unnecessarily high radii and to add another possibility to control the support structure volume, a radius factor 
rf is implemented. It can be used to modify the thickness of all branches and trunks besides the first layer of 
branches which is in direct contact with the part. The results presented in this publication were obtained using 
G = 2 mm and rf = 0.85 as well as the already mentioned values for K, θ and ro. The mesh size and the grid step 
have an additional impact on the accuracy and the computational time of the code. 

It should be mentioned that none of the parameters implemented in the code has a direct matching 
counterpart from Bartsch´s 2D evaluation parameters. Nevertheless, some of these parameters like the crown 
width, the crown height, the branch width and the branch length can be indirectly influenced by adjusting the 
values of G, K, rf, ro and θ.  

Fig. 4. (a) Tree evaluation parameters in 2D [14]; (b) tree adjustment parameters in 3D. 

G – Grid step  
K – Number of subbranches 
ro – Initial radius 
ri – Radius 
ri+1 – Radius of next level 
rf – Radius factor 
θ – Overhang angle  
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4.2. Implementation of tree support generation tool 

The process shown in Fig. 5 (a) gives an overview of the tree generation process. It starts with the import 
of the STEP file of the 3D model. From this solid representation a mesh representation, composed of triangles, 

Fig. 5. (a) Process of the tree generation; (b) branch details. 

is created. The solid representation of the part is kept in the background in order to output it at the end 
together with the tree as a STEP file. For the following calculations, only the mesh is used. The angle of the 
triangles surface normal is used to collect the triangles of interest for the support structures.  

Connected triangles are used to create sub-meshes. For each of these sub-meshes a separate tree is 
generated as shown in Fig. 3 (c). With the ray tracing functions provided by trimesh [17], uniformly distributed 
points are created on these sub-meshes. In the next process steps, overhanging edges and overhanging points 
are detected. On the edges, uniformly distributed points are created also. As an optional step, points from 
external tools, e.g. process simulation, can be imported. These additional points are merged into the point 
clouds of the sub-meshes. Then an iteration is started for each sub-mesh to create the branches with the 
algorithm described in chapter 3.1. The main output of the algorithm are points which are used to generate 
the solid geometry of the branches with OpenCascade [19]. Each branch is built up from a cylinder which starts 
at the lower branch point and ends at the point on the surface in the first iteration. Then a sphere is generated 
at the top of the branch to ease the connection to the surface and to avoid gaps due to the different angles of 
the branches. In a last step the branches are cut with the solid representation of the part to get the correct 
intersections between part and branches. An exemplary result is shown in Fig. 5 (b). 

At the end, the 3D trees are visualized together with the part. The user can export the trees with or without 
the part as a STEP or STL file. The STEP file can be used to manipulate the trees manually in a CAD system or 
to post process the part for NC programing. 

4.3. Assessment of tree supports 

Finite element analysis of the three parts showed an expected decrease of residual stresses in each part 
from 9.3e2 MPa to 1.32e-3 MPa overall, leaving a value around 34 MPa in the more complex regions of the 
parts (e.g. the 30°, 45°, 60° and 90° connections from overhanging surfaces to the main segment in Part 1). 
Even though the heat treatment provides a near-nullification of the residual stresses, a considerable 
deformation to the parts is induced during this process. The build plate removal through wire EDM during the  
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Fig. 6. Evaluation parameters; (a) Percentage of failed support elements; (b) maximum geometrical displacement; (c) material usage. 

simulation dramatically affects the dimensions of the parts, which on average will experience an additional 
deformation in the Z-axis. This increase was more noticeable in Part 3 (P3) that has a bigger base area in 
contact with the build plate. The removal of the supports also induces an additional deformation in X, Y and Z 
locally in the contact region and overall in the Z-axis. 

Although all parts were simulated successfully, the structure-type results in Fig. 6 (a) showed that the yield 
strength of Ti6Al4V was exceeded in some of the finite elements associated to the support structures during 
the simulations.   

The amount of failed support elements is low but could lead to catastrophic failure during the process and 
could represent a risk when manufacturing the part. In this aspect, BS performed the worst while BESTS did 
not fail in any element. Further validation of this statement could be left for future works as these results are 
rather unexpected for widely used BS. 

Displacements in X, Y and Z were obtained from the Netfabb simulation for each of the parts at each stage 
of the whole process. The values shown in Fig. 6 (b) represent the compound displacement achieved at the 
most critical point for each part. The BS elements mostly provide expectedly low distortion values for the parts 
analysed in the Z-axis. The maximum displacement obtained is 0.24 mm for Part 3 (P3) in the Z-axis. Fig. 6 (c) 
shows the amount of material used for each of the simulations. The amount of support material used for BS 
is the highest, using 596 % more material than BESTS when used for P3. 

The results provided by the NFS show a higher displacement compared to BS. The displacement values for 
P1 and P5 respectively are 72 % and 11,7 % higher than BS. The material usage for NFS is reduced in all parts 

Fig. 7. Printed benchmark parts with BEST supports; (a) Part 1; (b) Part 3; (c) Part 5.  
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when compared with BS, particularly for P3 (39 %) and P5 (51 %). 
The BESTS show the most efficient use of material overall using 71 % less material on average with respect 

to NFS, being able to use only 1.12 g for P5. The displacement obtained when using BESTS is up to 14 % lower 
than NFS and even 1 % lower than BS in the case of P3. 

In Fig. 7 the evaluated benchmark parts printed with the BEST supports can be seen. 
Supplementary material regarding the obtained results can be found in Appendix A.1. 

5. Conclusion and Outlook 

In the present study we have successfully developed a tree-support software module for PBF-LB/M and 
validated it by FEA. The main conclusions are: 

• A powerful tool capable of generating 3D tree support structures for complex parts has been 
developed successfully. FEA suggested that these support structures are efficient in terms of part 
fixation, stress relief and material usage. 

• The developed code allows the user to manipulate up to 10 parameters of tree generation, 
allowing trees to be generated based on the user's preferences and the print job's requirements. 
The parameters can be adjusted according to the user's interest and the final goal of the print-job 
to obtain trees that perform well on the conservative side or are lightweight but fragile in order 
to save material. 

• The BEST tree support tool can save the tree and the part as solid in the STEP format. Therefore, 
the user can modify the tree structure in a CAD system or use the tree data for NC programing. 

• The generated trees for the selected benchmark parts were generated using the parameters that 
were found to be the most promising after the main runs. The best results were obtained using 
K = 5, G = 2 mm and rf = 0.85.   

• The displacements obtained from the BESTS have proven to be at the same level as the BS who 
are intended for minor displacement. However, the BESTS showed a reduction in material usage 
of up to 76 % and 85 % (both in P3) as well as an average reduction of 71 % and 83 % along all 
Parts when compared to NFS and BS respectively. Nevertheless, the BESTS sufficiently supported 
the expected mechanical loads and therefore showed a high potential for cost reduction. 

• Netfabb simulation was able to provide displacements in X, Y and Z. A validation of these obtained 
values could be assessed with a 3D scanner. 

• Three out of five benchmark parts from the previous work of Bartsch [14] were tested, leaving 
two parts for the future scope. 

The BEST tree support code could represent a huge advantage in AM projects towards a more efficient use 
of material resources as well as its capability to be used in bigger parts.  In particular, the overall costs of batch 
and serial production could be highly reduced by the implementation of this tool. In future works the 
developed code should be applied to a demonstrator part with complex features and should be manufactured. 
Analysis of geometrical accuracy of the part should be done to verify the results of the study at hand.  
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Appendix  

A.1. Supplementary data 

DOI of data set:  https://doi.org/10.15480/336.5207  
Handle of data set:  http://hdl.handle.net/11420/15472 
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