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*e-mail: jcastro@uliege.be

2 Mechanical engineering department
Universidad de Concepción

Edmundo Larenas 219, Concepción, Chile

Key words: Topology optimization, Additive manufacturing, Supports structures, Length
control

Summary. This work uses Topology Optimization (TO) as a design tool for the generation
of support structures for Additive Manufacturing (AM). The compliance minimization problem
subject to a volume constraint is considered as optimization criteria. To ensure the mechanical
functionality of the optimized supports, the geometrical guidelines of a 3D printer are empirically
identified and introduced as design constraints in the TO problem using length scale control.
The propose methodology is implemented in a density-based TO formulation and validated on
2D benchmarks, which are subsequently extruded and fabricated using an Ultimaker S2+ 3D
printer.

1 INTRODUCTION

Additive manufacturing has experienced incredible growth in the industry due to its ability to
fabricate components with complex geometries, which allows for improved design performance
compared to those intended for conventional manufacturing processes [1, 2, 3]. Despite the design
freedom provided by the layer-by-layer approach, AM faces limitations with certain geometrical
features. Most notably, the difficulty of depositing material in overhang areas that do not have
sufficient support may affect surface quality, geometric accuracy, or cause the component to
collapse during manufacturing [4].

Various approaches have been developed to address the limitations associated with unsup-
ported geometrical features in AM. One approach involves optimizing the orientation of the part
to minimize or eliminate critical overhang angles of down-facing surfaces [5, 6]. Similarly, the
design of the component can be modified so the critical overhang angle of design features is
reduced, either manually or using shape optimizers [7]. When the design is still in the concep-
tual phase, overhang angle constraints can be integrated into the design process. For instance,
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applying this criterion in TO ensures the successful printing of the component [8]. However,
if the design is already conceived and cannot be modified, and if the 3D printer is equipped
with a fixed printing direction that cannot be rotated, then supporting structures are required
to provide mechanical support. These structures may also be required as heat extractors [9] or
stiffeners to avoid thermo-mechanical distortions [10, 11]. Nevertheless, these support structures
demand more material and printing times, which increase the manufacturing cost. Additionally,
since support structures are only needed during the printing process, they become waste once
printing is completed and require extra effort and tooling for removal.

Due to the shortcomings associated with the use of support structures, significant efforts
have been dedicated to reducing the material usage, printing time, and energy required for
their removal. Some methods have explored the use of cellular structures [12], lattice support
structures [13], honeycomb supports [14], and tree-like supports [15, 16], among others. These
methods predominantly employ predefined geometric patterns to optimize support structure
designs. An alternative approach is the use of TO as a design tool to generate these support
structures. This method is capable of generating complex and high-performance designs without
a preconceived geometric pattern [17]. For instance, [18, 19, 20] generated support structures
using TO, aiming at improving heat dissipation, which is an important criterion in metal AM
processes. Kuo et al. [21] aimed at generating support structures with TO by employing a
repulsion index to minimize contact areas, thus facilitating easier removal of support structures
[10]. Langelaar [22] considered the optimal design of the component, support structures, and
printing orientation.

It is noteworthy that most of the cited works are limited to reporting their designs without
3D printing the AM component and its support structures, thereby restricting a detailed anal-
ysis of the proposed methods’ scope and limitations. In the work of Mezzadri et al. [23] an
experimental validation of support structures generated with TO was included. They incorpo-
rated minimum size constraints in the TO formulation and conducted a parametric study on
optimization parameters such as volume fraction, boundary conditions, and domain aspect ratio,
among others. The printed support structures were more efficient compared to those generated
by Ultimaker’s Cura software [24]. However, their TO-based supports had large contact areas,
which could complicate the post-removal process of the support structures.

Our work presents a novel strategy for designing support structures using TO. This approach
involves identifying a set of geometric guidelines specific to a given 3D printer and incorporating
them as constraints in the TO problem. Specifically, we employ a TO formulation capable
of controlling the minimum member size, minimum cavity size, maximum member size, and
minimum distance between members [25]. Additionally, we introduce two new strategies to
control the distance of the contact points between the supports and the AM component: one
based on minimum gap constraints and the other by modifying the boundary conditions of
the finite element model. The strategies are tested using different 2D benchmarks, which are
extruded and fabricated using an Ultimaker S2+ 3D printer.

This paper is organized as follows: Section 2 presents the formulation of the TO problem
adopted in this work. Section 3 gathers the geometric guidelines for the Ultimaker S2+ printer.
Section 4 presents the influence of including the collected geometric guidelines in the generation
of support structures using TO. Section 5 provides a set of TO-based designs for benchmark
problems and the corresponding 3D-printed supports. Finally, the conclusions of this work are
detailed in Section 6.
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2 TOPOLOGY OPTIMIZATION FRAMEWORK

This work assumes that the part to be printed cannot be rotated with respect to the baseplate
and its geometry cannot be modified, so the design procedure is focused only on the supporting
structures. For this purpose, a density-based TO approach is employed. In this approach,
the design domain of the supporting structures is discretized into N finite elements, and each
finite element is associated with a pseudo density ρ̄, which ranges between 0 and 1 to represent
the absence and presence of material, respectively. The mechanical contribution of each finite
element i to the whole support structure is controlled by its Young’s modulus Ei, which is
computed using the SIMP (Solid Isotropic Method with Penalization) approach as follows:

Ei = Emin + ρ̄ηi (E0 − Emin) , i = 1, ... , N , (1)

where E0 and Emin represent the Young’s modulus of the base material and of the phase repre-
senting the absence of material, respectively. In practice, Emin is chosen as a very small value to
prevent significant mechanical contribution while avoiding numerical singularities in the finite
element analysis.

The finite element model that assesses the performance of the supporting structures is illus-
trated in Figure 1. The AM part to be printed is shown in yellow, and the design space where
supporting structures are needed is shown in gray. To simplify the model, it is assumed that the
force imposed by the layer deposition on the support structures is due only to the part weight,
that the load distribution is not influenced by the design of the supporting structures, and that
the force acts in the opposite direction to the printing direction, as illustrated in Figure 1.
Given the focus of this study on ensuring successful printing through geometric considerations,
thermomechanical effects such as large thermal gradients that induce material anisotropy, me-
chanical distortions, and other complex and computationally expensive multiphysics phenomena
are omitted.
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Figure 1: On the left, the part to be printed and the domain where supporting structures are
needed. On the right, the design domain of supporting structures and boundary conditions used
for TO.

The geometry of the support structures is optimized to maximize the stiffness of the supports
subject to a mass constraint. In addition, minimum and maximum member size and minimum
cavity size control are included in the TO problem in order to impose geometrical features over
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the design based on geometric guidelines that ensure successful 3D printing. For this purpose,
the adopted TO problem is as follows:

min
ρ

f⊺ u

s.t.: K(ρ̄) u = f

v⊺ρ̄ ≤ V ∗

Gms(ρ̄) ≤ 0

Gmg(ρ̄) ≤ 0

0 ≤ ρi ≤ 1 , i = 1 , ... N ,

(2)

where f and u are vectors containing the nodal forces imposed by the layer deposition on the
supporting structure and the nodal displacements, respectively. K is the stiffness matrix that
assembles the elementary stiffnesses that depend on Young’s modulus E(ρ̄). V ∗ is the upper
bound of the volume constraint, Gms(ρ̄) and Gmg(ρ̄) are the maximum size and minimum gap
constraints, respectively, and finally, ρi is the design variable associated with the finite element
i.

The design variables ρ pass through a filtering and projection process. Filtering allows for
the avoidance of numerical instabilities that are inherent of the density method [26], while the
projection process allows to reduce the number of intermediate densities and impose a precise
control over the minimum size of solid members and cavities [27]. Specifically, this work considers
the density filter proposed by [28] and the robust formulation that projects eroded, intermediate,
and dilated designs [29], as illustrated in Figure 2. It has been demonstrated that the robust
formulation that optimizes the material distribution for the worst-performing design, which for
the compliance minimization case turns out to be the eroded one, guarantees a minimum size
in the intermediate design [27]. In addition, maximum size and minimum gap control can be
imposed if the Gms and Gmg constraints are imposed at least in the dilated design [25]. The
TO problem, including the eroded, intermediate, and dilated fields for effective geometric size
control, is as follows:

min
ρ

f⊺ u

s.t.: K(ρ̄ero) u = f

v⊺ρ̄dil ≤ V ∗

Gms(ρ̄
dil) ≤ 0

Gmg(ρ̄
dil) ≤ 0

0 ≤ ρi ≤ 1 , i = 1 , ... N ,

(3)

where the superindices ero and dil refer to the eroded and dilated projections, respectively. The
designs reported in this work correspond to the intermediate projections, denoted by ρ̄int, as
illustrated in Figure 2.

To avoid overextending the description of the TO problem, implementation details are omit-
ted. We refer interested readers to the work of [27] for details about the filtering and projection
processes leading to the eroded, intermediate, and dilated designs. For implementation details
regarding the maximum size and minimum gap constraints, the reader is referred to the work
of [25].
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Figure 2: Illustration of the filtering and projection processes used to obtain the eroded, inter-
mediate, and dilated fields.

3 GEOMETRIC AM GUIDELINES FOR SUPPORT STRUCTURES

Table 1: Printer parameters and specifications of the Ultimaker S2+.

Parameters Values

Layer thickness 0.1 [mm]
Infill density 20%
Infill pattern Grid
Print speed 20 [mm/s]
Nozzle temperature 210 Co

Fan speed 100%
Baseplate temperature 60 Co

Material (Brand) PLA (Cicla 3D)
Nozzle diameter 0.4 [mm]

To ensure the successful printing and easy removal of TO-generated supports, this study
incorporates a set of geometric guidelines specific to a 3D printer into the TO problem equipped
with size constraints. It is known that the geometric guidelines depend on the 3D printer, the
material, and the printing parameters used [30, 31, 32]. However, since this work focuses on
presenting a methodology based on TO, we use a single PLA 3D printer and one set of printing
parameters. Specifically, we utilize an Ultimaker S2+ 3D printer and the parameters listed in
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Joaqúın Castro, Eduardo Fernández, Pierre Duysinx, Paulo Flores and Carlos Medina

Table 1.
To obtain the geometric guidelines, a set of geometric shapes is printed, and the values for

which the printing is not successful are detected. The guidelines are selected taking into account
2D designs of support structures, which are extruded in 5 [mm] for 3D printing. These guidelines
aim to ensure the supports can be effectively printed and provide adequate structural integrity
for both themselves and the parts being printed, while also guaranteeing satisfactory surface
quality. The compiled guidelines are summarized in Table 2 and are detailed below.

1. Minimum wall thickness: This guideline provides insight into the resolution limitations
of the 3D printer. As shown in Figure 3a, a set of thin walls is printed to determine the
smallest dimension that can be successfully built. The measured minimum wall thickness
is 0.5 [mm].

2. Minimum hole diameter: This guideline identifies the diameter of the smallest printable
hole, which corresponds to a diameter of 0.8 [mm], as shown in Figure 3b. Smaller holes
are closed, so they are excluded from the screening criteria.

3. Minimum separation between walls: As shown in Figure 3c, if two walls are spaced
less than 0.4 [mm] from each other, they could stick together during the printing process.
In the case of support structures, these could stick to the AM component and complicate
the removal process.

4. Maximum aspect ratio: Given that supporting structures are usually slender when
they join the baseplate with the top of the part, a buckling criterion must be considered
in order to ensure their printability. To simplify the analysis, the largest aspect ratio
(height/width) that can be printed accurately is detected. As shown in Figure 3d, the
two thinnest columns were printed, but with large horizontal displacements during the
deposition process, which affects the structural stability of the support. For this reason,
the highest aspect ratio is obtained from the third thinnest column of Figure 3d, since it
showed no evident signs of instability during printing.

5. Maximum bridge length: This guideline specifies the maximum distance that a layer
can be spread between two supports. The criterion may be to avoid layer collapse or to
achieve a specific surface quality. As in the work of [16], it is found that a distance of 2.0
[mm] is suitable for good surface quality, as shown in Figure 4.

Some works [16, 15] have identified an optimal length-to-overhang angle ratio for supports to
prevent collapse or excessive displacement during the printing process. This geometric guideline
is particularly valuable in support structure design using geometric-based methods, where the
structural branch pattern is predetermined. However, based on our experience, it is not essential
to impose additional constraints on the TO problem since the vertical stiffness criterion promotes
the generation of tree structures with upward-oriented branches, so that overhang angles do not
present major challenges when printing the TO-based supports.
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(a) Minimum wall thickness (b) Minimum hole diameter

(c) Minimum separation between walls (d) Maximum aspect ratio

Figure 3: 3D-printed geometric patterns to determine the size to impose on the TO problem.

It is important to note that the values obtained for the geometric guidelines were selected
qualitatively using non-standardized criteria. Therefore, other users may choose different values
according to their needs and quality standards. There are also several other geometric patterns
that can serve as a basic guide in the design of supporting structures [33, 34]. Nonetheless, the
five patterns listed above have proven to be highly effective for achieving topologically optimized,
printable support structures.

Figure 4: 3D-printed component to obtain the maximum bridge distance to be imposed in TO.
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4 TOPOLOGY OPTIMIZATION TAILORED TO GEOMETRIC GUIDELINES

This section discusses the relevance of the collected geometric guidelines in the design of
support structures. For this purpose, we consider the 2D domain shown in Figure 1. The size
of the design domain is 50 [mm] each side, and it is discretized using 250.000 quadrilateral finite
elements. Figure 5 shows the reference solution obtained only with minimum member size con-
trol, which is imposed according to the minimum wall thickness (0.5 [mm]). The design exhibits
similarities to those reported by Mezzadri et al. [23], yet it demonstrates several drawbacks:

i. It is in contact with the vertical walls of the component at the bottom and top of the
design. This could complicate the support removal or affect the surface quality of the
component.

ii. It has structural members with a high aspect ratio, such as the central column. This could
hinder the fabrication of the column and compromise the structural stability of the upper
zone of the supports.

iii. It has large contact areas with the baseplate and the surface of the component, which
could complicate support removal and compromise the surface quality of the component.

Table 2: Geometric guidelines for the length control of supports structures generated with TO
for the 3D printer Ultimaker S2+.

Geometric guideline Value

Minimum wall thickness 0.5 [mm]
Minimum hole diameter 0.8 [mm]
Minimum separation between walls 0.4 [mm]
Maximum aspect ratio (Height/Width) 50

Component for AM

Contact between the trunk 
and the component

Large contact areas There is no space between 
the branch and the component

Large aspect ratio

Figure 5: Some design problems of support structures generated with TO when only the
minimum wall thickness is considered.

4.1 Distance between support and AM component

The first problem (i) can be avoided by simply reducing the area where the distributed force
acts. The objective is to move the trunk and structural branches away from the edges, taking
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into consideration the maximum bridging distance and the minimum distance between walls.
For example, by imposing a space between the side wall and the force application zone, as
shown in Figure 6a, the bonding of the supports with intricate areas such as the corners of
the component can be avoided. To ensure good 3D printing, the space between branches and
the component cannot exceed the maximum bridging distance (2.0 [mm]). At the same time, a
space can be imposed between the fixed degrees of freedom of the supports and the component.
This avoid the bonding of the structural trunk with the component wall, therefore, the space
between the trunk and the component must be at least equal to the minimum distance between
walls (0.4 [mm]). The design obtained with these two local modifications is shown in Figure 6b.

����������������

q

Space between

branches-component

Space between

trunks-component

(a) Local modification of boundary conditions.

����������������

(b) Optimized supports.

Figure 6: Boundary treatment to avoid sticking of the supports to the AM component.

4.2 Aspect ratio control

To address problem (ii) and prevent large aspect ratios, a minimum size requirement is
imposed on solid members based on the maximum aspect ratio criterion. For instance, given the
design domain height of 50 mm, column thickness should be at least 1 mm to meet the maximum
aspect ratio of 50. Within the design domain, the minimum size is imposed as a function of the
distance from the layer to the baseplate. For example, considering a linear interpolation, the
minimum size imposed in the TO problem is:

dmin(y) =
tmin

ymax − y0
(y − y0)−

y − y0
Rmax

+
ymax − y0
Rmax

(4)
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(d) Variable Minimum size

Figure 7: In a)the scheme showing the variable minimum size of the solid phase. In b) the
design obtained with a constant minimum member size. In c) the obtained design with variable
minimum member size and maximum aspect ratio 50, and d) with maximum aspect ratio 25.

where dmin is the minimum size imposed in TO. As illustrated in Figure 7a, y is the vertical
coordinate, and y0 and ymax are coordinates of the baseplate and maximum height of the design
domain, respectively. Rmax is the maximum aspect ratio, which is equal to 50 in this work,
and tmin is the minimum wall thickness, equal to 0.5 in this work. Figure 7b shows a design
obtained using a constant minimum size equal to tmin, while Figures 7c and 7d define the
minimum member size as in Eq. (4), using Rmax = 50 and Rmax = 25, respectively. Comparing
Figures 7c and 7d, it is observed that the maximum aspect ratio condition is effective in avoiding
thin columns that cause difficulties during 3D printing.

4.3 Reduction of contact areas

To reduce the area of the contact points (problem iii), a maximum size constraint is applied.
Similar to the minimum size constraint discussed earlier, this constraint is linearly adjusted rel-
ative to the height from the baseplate to maintain compatibility with the aspect ratio constraint
and to minimize contact area. Figure 8 shows how the support structures vary as the thick-
ness increases at the base, but the difference between the minimum and maximum thickness is
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maintained. One detail that can be observed is that while all the supports shown in Figure 8
were imposed a volume fraction of 25%, the final volume fraction Vf,fin varies considerably. This
is mainly due to the maximum size constraint implemented, which is a local constraint that
can lead to the optimization being trapped in a local minimum, thus converging to the results
shown.
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Figure 8: In a) a schematic showing how the minimum and maximum size restrictions linearly
decreases. In b) the support generated with a constant maximum size restriction. In c) the
support generated with a linear decreases maximum size restriction. In d) support generated
with linear decreases maximum size restriction with thicker base length.

To mitigate the discrepancy between the imposed and final volume fractions, one effective
approach is to widen the gap between the minimum and maximum sizes of the support structure.
This adjustment allows the optimization process more flexibility in varying member thicknesses,
as illustrated in Figure 9. This strategy helps to reduce such a difference. Also, the disconnected
members, as can be seen in Figure 8, which are a consequence of the maximum size constraint
[35], are mitigated. In practice, these small disconnected members do not affect the printability
of the support structures, so the presence of this detail is ignored in this work.
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Figure 9: In a) a schematic showing how the spacing between the maximum and minimum size
constraint varies. In b) support generated with a distance of 5 elements between the maximum
size and minimum size. In c) support generated with a distance of 10 elements between the
maximum size and minimum size. In d) support generated with a distance of 15 elements
between the maximum size and minimum size.

4.4 Separation between contact points

Finally, to have control over the distance between the contact points of the supports, which
is an important property because this distance determines the surface quality of the final part,
and, in addition, it can be an important feature considering that many times it is necessary to
use tools for the removal of these supports and the space between them must be adequate for the
tool to fit. In this work, two strategies are proposed. The first one consists of using the minimum
spacing constraint between members that was developed in [25]. This constraint is applied from
the base of the support structures, where a spacing of 5 elements is imposed that increases
linearly until reaching the desired spacing at the contact points, as can be seen in Figure 10.
The second strategy consists of not applying the distributed force that has been conventionally
implemented but rather applying separate forces to the elements in which it is desired to have a
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contact point, as shown in Figure 11a and whose generated supports are observed in Figure 11.
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Figure 10: In a) support generated with a minimum separation restriction of 10 element in the
contact point. In b) support generated with a minimum size restriction of 20 elements in the
contact point.

Design Domain

Baseplate

ff ff ff ff ff ff ff ff ff ff

(a) (b) (c)

Figure 11: In a) supports generated when separate punctual are applied with a distance of
10 elements. In b) supports generated when punctual forces are applied with a distance of 20
elements.

4.5 Internal supports

In some cases, the support structures cannot be generated from the baseplate of the 3D printer
and must be generated from the same piece to be printed. This can become a problem because
it not only increases the contact points but also because the supports have large thicknesses at
their base. To solve this problem, a maximum size restriction can be imposed at the base of the
support structures or in each area where there is a contact point with the part to be printed.
Figure 12 shows how this strategy is implemented in a rectangular bridge whose supports cannot
be generated from the base. In this, a maximum size constraint is implemented at the base,
increasing in size until 25% of the height is reached, then a maximum size constraint is maintained
until 65% of the height is reached, and then the maximum size of the supports is decreased again
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as they approach the point of contact. The supports generated using this strategy in both the
supports generated using a distributed force and a separate forces strategy are shown in Figures
13a and 13b, respectively.

Component for AM

q

Design Domain

Design Domain

Minimum size

Maximum size

40%

35%

25%

Baseplate

Figure 12: Finite element model used to generate internal supports (left) and the minimum and
maximum size imposed through the design domain (right).

Component for AM

(a)

Component for AM

(b)

Figure 13: In a) internal supports generated using a minimum gap constraint. In b) supports
generated when punctual forces are applied.

5 NUMERICAL EXAMPLES

To validate our proposed method, we present and analyze the results when applying the
strategies to generate support structures with TO for 4 benchmarks, which are shown in Figure
14, and a benchmark whose geometry is more complex as it is the shape of a dog that is observed
in Figure 15, where 5 zones are distinguished corresponding to the design spaces of the support
structures, which are generated separately and then coupled to the original design. Table 3
shows the minimum size imposed on the base (rmin,ini) and on the contact point (rmin,fin). The
same is true with the maximum size constraint imposed (rmax,fin and rmax,fin). In addition, the
imposed volume fraction (Vf) and the one obtained at the end of the optimization (Vf,fin) are
shown.
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c) d)

a) b)

Figure 14: In a) the rectangular bridge. In b) the circular bridge. In c) the triangular bridge.
In d) the Inverted triangular bridge.

The support structures generated with TO in MATLAB are matrices of 1 and 0, which are
assigned a grayscale color for better visualization. In order to convert these matrices to support
structures in a STL format the MATLAB code presented in [36] is used. To create the STL file
the ”ISO” format is used, intermediate densities greater than 0.5 are rounded to 1 while smaller
values are rounded to 0, the extrusion distance of the 2D supports is 5 [mm] which is equal to
the thickness of the parts to be supported. These TO-generated supports are attached to the
part to be printed using the Meshmixer software [37].
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Figure 15: Dog figure used as a benchmark with complex geometry. The gray zones are the
design domain used to generate the support structures.

Table 3: Minimum size and maximum size imposed in the support and the volume fraction

Figure rmin,ini rmin,fin rmax,ini rmax,fin Vf Vf,fin

16b 5 2.5 7.5 3.6 30% 20.7%
16c 5 2.5 7.5 3.6 25% 19.1%
17b 5 2.5 7.5 3.6 20% 14.0%
17c 5 2.5 7.5 3.6 20% 16.2%
17d 5 2.5 7.5 3.6 20% 12.9%
18b 4 2.5 6 3.6 20% 18.6%
18c 4 2.5 6 3.6 20% 19.1%
18d 4 2.5 6 3.6 20% 14.5%
19b 5 2.5 7.5 3.6 20% 15.3%
19c 5 2.5 7.5 3.6 20% 17.3%

5.1 Rectangular bridge

The rectangular bridge is mainly characterized by the fact that the distance between the
baseplate and the overhanging surface is kept constant. The design space is shown in Figure
16a while Figures 16b and 16c show the supports obtained with TO using a distributed force
and applied forces with a distance between them, respectively, and Figures 16d and 16e show
the printed parts.
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Figure 16: In a) design domain of the rectangular bridge. In b) supports generated with mini-
mum gap restriction. In c) supports generated when separate forces are applied. In d) and e)
the printed supports.

5.2 Circular bridge

The circular bridge has the characteristic that part of its structure does not need supports
because the angle of inclination is high. Through tests, we determined that structures with
angles less than 50o do not need supports, so the forces in the finite element formulation are
only applied to the nodes of the overhang part that have an angle of inclination less than 50o.
Also, it must be considered that the distance between the baseplate of the printer and the
overhang surface is not constant. For this reason, modifications are made so that the thickness
of the supports at the base decreases as it moves away from the center, thus maintaining the
minimum contact area on the top surface. Figure 17a shows the design space, while Figures
17b and 17c show the generated supports. As can be seen in the supports in Figure 17b, in
which a distributed force is applied, a roof is formed on the supports that come into contact
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with the part to be fabricated. This is a problem since it greatly increases the contact area,
making its subsequent removal difficult. To solve this problem, post-processing can be applied
to the generated supports to remove this roof manually, finally obtaining the supports shown in
Figure 17d. Finally, the supports in Figures 17c and 17d are printed, and the results are shown
in Figures 17e and 17f, respectively.

Design Domain

Baseplate

R 55 [mm]

R 50 [mm]

(a) (b)

(c) (d)

(e) (f)

Figure 17: In a) design domain of the circular bridge. In b) supports generated with minimum
gap restriction. In c) supports generated when separate forces are applied. In d) supports gen-
erated with minimum gap restriction after a post-processing. In e) and f) the printed supports.

5.3 Triangular bridge

As in the previous case, the distance between the overhang surface and the base of the printer
increases as it approaches the center, with the difference that this distance varies linearly. As
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in the previous case, using the minimum clearance constraint forms a ceiling on the supports,
which must be removed with post-processing. Figures 18c and 18d show the supports generated
by using point forces and distributed forces, respectively. While Figures 18e and 18f show the
printed support structures.

30° Baseplate

Design Domain

Com
pon

ent
for AM

100 [mm]

(a)

Com
pon

en
t for AM

(b)

Com
pon

en
t for AM

(c)

Com
pon

en
t for AM

(d)

(e) (f)

Figure 18: In a) design domain of the triangular bridge. In b) supports generated with minimum
gap restriction. In c) supports generated when separate forces are applied. In d) supports gen-
erated with minimum gap restriction after a post-processing. In e) and f) the printed supports.

5.4 Inverted triangular bridge

Unlike the previous cases, this one has the particularity that the supports are generated in
the same piece to be printed and not from the baseplate of the printer. Therefore, it is necessary
not to use large thicknesses in the base of the support structures so as not to hinder subsequent
removal. Figure 19a shows the design space, while Figures 19b and 19c show the generated
supports. The printed supports can be seen in Figures 19e and 19d.
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Component for AM
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45°

100 [mm]

(a)

Component for AM

Baseplate

(b)

Component for AM

Baseplate

(c)

(d) (e)

Figure 19: In a) design domain of the inverted triangular bridge. In b) supports generated with
minimum gap restriction. In c) supports generated when separate forces are applied. In d) and
e) the printed supports.

Finally, we compared the efficiency of the supports for each of the representative geometries
with the supports generated by the Cura software. The results are obtained by the same soft-
ware and shown in Table 4. In this table, only the supports generated using punctual forces
are compared because this is the method that best controls the distance between the contact
points. It is worth mentioning that only the efficiency of the supports is compared, not their
effectiveness to achieve good surface quality or to avoid possible deformations. In that case,
it would be interesting to use the benchmarks proposed in [38]. It can be observed that the
supports generated with TO are more efficient than those generated by the Cura software and,
in some cases, require less printing time.

5.5 Complex geometry

Finally, the supports generated with TO are used for a case whose geometry is more com-
plex. Figure 20a shows supports generated using a distributed force, and Figure 20b shows
supports generated using point forces. The printed supports can be seen in Figures 20c and 20d,
respectively.
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Table 4: Numerical comparison of support structures computed by TO and by Cura software.

Component Total mass Print time
Mass reduction
with TO

Rectangular bridge (Cura) 8 g 6 h 45 min -
Rectangular bridge (TO) 7 g 6 h 26 min 12.5 (%)
Circular bridge (Cura) 9 g 7 h 43 min -
Circular bridge (TO) 8 g 7 h 45 min 11.1 (%)
Triangular bridge (Cura) 6 g 4 h 32 min -
Triangular bridge (TO) 5 g 4 h 57 min 16.7 (%)
Inv. triangular bridge (Cura) 11 g 8 h 25 min -
Inv. triangular bridge (TO) 9 g 7 h 28 min 18.2 (%)

Component for AM

(a)

Component for AM

(b)

(c) (d)

Figure 20: In a) supports generated with a minimum gap restriction. In b) supports generated
when separate forces are applied. In c) and d) the printed supports.

The results obtained by using a distributed force with a minimum gap constraint meet the
requirement of having small contact areas and supporting the structure to be printed. However,
it is not precise when controlling the minimum distance, and in some cases, it is necessary to
apply post-processing to obtain good results. On the other hand, by using point forces, small
contact areas can be obtained without the need for post-processing, and the distance between
the contact points can be precisely controlled. Moreover, since it is not necessary to implement a
minimum gap constraint between members, the strategy is much less computationally expensive
than using a distributed force.
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6 CONCLUSION

This work has explored the use of TO for designing support structures for AM. Specifically, a
density-based TO formulation with minimum and maximum size control has been adopted. To
ensure good 3D printability, the geometric control in TO was imposed according to a set of geo-
metric guidelines collected for an Ultimaker S2+ printer, and two strategies to control the space
between the contact points were analyzed. The proposed methodology and the contributions of
this work lead to the following conclusions:

• Current TO methods allow for taking into account several geometric constraints associ-
ated with 3D printing. In this work, the minimum wall thickness, minimum separation
between walls, minimum cavity size, maximum bridge span, and maximum aspect ratio
were considered.

• The maximum aspect ratio can be implicitly imposed in TO by defining the minimum
member size in terms of the layer height.

• The maximum size restrictions promote structural redundancy, which increases the amount
of branching in the support structures. This could stiffen the support, especially in direc-
tions orthogonal to the building direction.

• The use of punctual forces spaced according to the geometric guidelines reduces the contact
zones between the support and the AM component, which facilitates their removal.

The work was developed using 2D design domains, which were extruded for experimental
validation. Future efforts will be put into the 3D validation of the proposed methodology.
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Joaqúın Castro, Eduardo Fernández, Pierre Duysinx, Paulo Flores and Carlos Medina
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