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Abstract This paper focusses on topology optimiza-
tion of support structures for metal-based additive
manufacturing. Processes based on powder bed fusion
are subjected to deformations during manufacturing
due to large thermal stresses. Controlling these defor-
mations by adding temporary support structures is es-
sential in guaranteeing qualitative end products and im-
proving print success rates. This paper first describes
an adapted stiffness tensor formulation for lattice type
support structures based on a surrogate model. Next,
a general inherent strain method is presented to simu-
late the complex thermal behaviour of the printed part.
These ingredients are used in a topology optimization
framework that is capable of automatically generating
an optimized support structure layout to limit the ver-
tical displacements of each layer of the printed part to
a specified maximum value. The proposed framework is
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applied to a 2D and 3D benchmark problem to demon-
strate that the vertical deformations induced during the
manufacturing process are successfully reduced.

Keywords Topology optimization - Additive man-
ufacturing - Support structures - Thermal stresses -
Inherent strains - Surrogate models - Manufacturing
constraints

1 Introduction

Additive manufacturing is a relatively new and rapidly
evolving technique that uses computer guided machines
to build components in a layer-by-layer fashion. The
technique allows for a high degree of design freedom
and is capable of producing sophisticated geometries
at only a fraction of the costs for traditional manu-
facturing [1]. Although additive manufacturing tech-
niques were initially only viable for rapid prototyp-
ing with polymers, later improvements, especially in
metal-based techniques, extended their application to
end-usable parts [2]. In current practice, selective laser
melting (SLM) is most commonly used for manufactur-
ing complex metal components [3]. SLM is a technique
based on powder bed fusion via a micro-welding pro-
cess [4]. The SLM process, illustrated in figure 1, starts
with a fully detailed CAD model of the component
which is sliced in a number of cross-sections depending
on the required accuracy of the finished part. Inside
the building chamber of the SLM printer, a re-coater
deposits a thin layer of metal powder on the build plat-
form. Next, a high-energy-density laser traces the first
cross-section of the part, fusing the powder together.
Once the first layer is completed, the build platform
drops, the re-coater applies a new layer of powder and
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the laser traces the next cross-section onto the powder.
This process is repeated until the part is finished.

—_— ‘ [
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Ellﬂ

Fig. 1: Schematic representation of the SLM printing
process: (a) the re-coater deposits a layer of material,
(b) a laser fuses the powder together, (c) the build plat-
form drops, (d) the re-coater deposits a new layer of
material on top of the previous layer, and (e) a laser
beam fuses the next layer of material together.

The SLM process subjects the component to vio-
lent heating and cooling cycles which induce large ther-
mal strains and residual stresses in the final part [5, 6].
These internal stresses cause unwanted deformations of
the part during manufacturing which may lead to inac-
curate results or print failure. Print failure occurs when
the upward displacement of the top layer is larger than
the layer thickness. In this case, the re-coater is not able
to deposit a new layer of metal powder as it will collide
with the printed part resulting in a crash, illustrated in
figure 2.

(a)

Fig. 2: Schematic representation of the SLM printing
process of a part undergoing critical thermal deforma-
tions: (a) a layer of powder is fused together using a
laser, (b) ahermal stresses cause deformations of the
part, and (c) the re-coater collides with the already
printed part, causing print failure.

This issue can be countered by adding temporary
support structures to the part [7-9]. These additional
supports make sure that (1) horizontal and near-
horizontal layers are supported, (2) heat transfer to
the build platform is improved and (3) the vertical

displacements of individual layers are reduced. By in-
hibiting critical displacements, the risk of print-failure
can be significantly reduced as illustrated in figure 3. In
current practice, these support structures are manually
added to the design, mainly based on engineering
experience. Due to the complex thermal behaviour of
the part, the deformations can not always be predicted
accurately. This results in a time consuming and
relatively unreliable support generation process. The
excess of support structure generated in this manner is
material, time and energy consuming.

Fig. 3: Schematic representation of the SLM printing
process of a part where thermal deformations are re-
stricted by means of a support structure: (a) a layer of
powder is fused together using a laser, (b) deformations
are restricted by an added support structure, and (c)
the re-coater deposits a new layer of material without
any crashes.

Recent studies aim at eliminating the uncertainty
in the thermal behaviour by extending existing
simulation methods, initially developed for welding
problems, for applications in metal-based additive
manufacturing [10-14]. A full thermal analysis of
the additive manufacturing process to calculate the
deformations is very time consuming because it is a
long time-scale problem which involves transient heat
transfer, non-linear mechanical deformation, phase
changes in the material, and fluidum dynamics. [12,13].
The required simulation time can span from a couple
of days to entire weeks, depending on the size of the
problem.

The simulation time can significantly be reduced by
adopting the inherent strain method, originally devel-
oped for fast estimation of part deformation in metal
welding [15-17]. The applied plastic strain method is
another efficient model inspired by the inherent strain
theory [18,19]. However, due to the more complicated
process of metal additive manufacturing compared
to metal welding, some accuracy of the simulation is
sacrificed. Liang et al. [20] propose a modified inherent
strain method to improve the accuracy of the estimated
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thermal behaviour.

A recent study by Cheng et al. [21] utilizes the
modified inherent strain method to optimize the
layout of the support structures in order to satisfy a
predetermined stress constraint. This method results in
components that can be printed without residual stress
induced print failure, e.g. delamination. However, it
does not take into account possible re-coater collisions
due to thermal deformations.

Other studies aim at automatically generating
support structures to solve critical overhang an-
gles [39-42], focus on improving the heat dissipation
in the part during printing [43|, or optimize the build
orientation to minimize the required volume of support
structure [44,45]. Allaire et al. [46] proposed a method
to take into account the thermal stresses during the
optimization process. This results in a design for which
the thermal stresses induced during the manufacturing
process are minimized.

Topology optimization can be used as a tool for
the automatic generation of material-efficient support
structures. Topology optimization is a numerical,
iterative method for finding the optimal distribution
of material inside a specified design domain [22-24]. In
the density based approach, the domain is discretized
using a density field which takes a value of 1 at
elements where material is present, and 0 in the void
regions. Intermediate densities are also allowed to
facilitate the use of a gradient-based optimization
scheme. The design’s geometry is usually controlled
with the help of filters. Their function is to avoid
checkerboard patterns [25] and ensure mesh indepen-
dent solutions [26]. Most filters consist of a spatial
averaging operation where the density of an element
is replaced by the weighted average of its neighboring
elements [27,28].

In recent years, topology optimization has been
considered in the context of additive manufacturing to
design parts taking into account some manufacturing
constraints related with this production process. One
of these constraints is the need for support structure
in order to keep the part stable during production.
Eliminating the need for this type of support struc-
ture by imposing a maximum overhang angle to the
optimization problem has been the focus of various
recent studies [29-35]. The bulk of these studies can
be divided into two categories. The first approach
focusses mainly on enforcing manufacturability by an
additional constraint which is formulated in terms of

a smoothened approximation of a min/max opera-
tor [31,32], the second uses a filtering scheme to ensure
that a part is sufficiently supported during manufac-
turing [33-35]. Other studies focus on optimizing the
support structure without changing the topology of the
part itself. A recent study by Cheng et al. [21] utilizes
the modified inherent strain method to optimize the
layout of the support structures in order to satisfy a
predetermined stress constraint. This method results in
components that can be printed without residual stress
induced print failure, e.g. delamination. However, it
does not take into account possible re-coater collisions
due to thermal deformations.

In this paper, a topology optimization framework
is presented to optimize the layout of the required
support structure for a given part taking into account a
maximum allowable vertical displacement in each layer
such that print failure due to re-coater collisions is
avoided. The general inherent strain method is adopted
to simulate the thermal behaviour of the component.
This method is computationally less expensive than
the modified inherent strain but comes at the expense
of sacrificing some accuracy. The support structure
used in SLM is usually a lattice structure, which can
be regarded as a periodical distribution of unit cells.
It is modeled as a homogenized material based on the
method proposed by Watts et al. [36].

This paper is organized as follows: First, a brief de-
scription is provided of the homogenized support struc-
ture and the general inherent strain method used to
simulate the thermal behaviour of a part during man-
ufacturing (section 2). Next, a topology optimization
problem is formulated to automatically generate the
layout of the required support structure (section 3). The
proposed optimization scheme is thereafter validated on
a set of 2D bench-mark cases; (1) a simple cantilever
and (2) a more complex cantilever problem. Following
the 2D validation of the method, a 3D problem is de-
scribed and validated (section 4). Finally, conclusion
are provided.

2 Simulation of the manufacturing process

In this section, the homogenization method proposed
by Watts et al. [36] is briefly summarized. Next, the
general inherent strain method used to simulate the
thermal behaviour of a part during manufacturing is
described and validated on a 2D cantilever example.
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2.1 Homogenization

The support structure is assumed to be a lattice struc-
ture with the isotruss architecture [37]. Figure 4 shows
the isotruss unit cell. Denoting the diameter of the
axially-aligned rods as d, the diagonal rods have a diam-
eter %. This diameter ratio results in isotropic macro-
scale behaviour. Watts et al. [36] proposed a method to
simulate the homogenized stiffness of an isotropic lat-
tice structure composed of isotruss cells based on surro-
gate models. These surrogate models are assembled by
fitting a low-order polynomial to a set of datapoints rep-
resenting the homogenized stiffness [38] of the isotruss
cell with a variable rod diameter.

Fig. 4: Unit cell of the isotruss lattice.

For each unit cell of the support structure, the inde-
pendent design variable is the relative density p, which
defines the rod diameter d and the homogenized elastic
properties E and v" of the lattice. The polynomial ex-
pressions for the homogenized properties of the isotruss
lattice depend on the density p, the Young’s modulus
Eg and the Poisson’s ratio vg of the constituent mate-
rial [36]:

h

E
s = (0.20529 — 0.03303vs)p . ..

+ (0.08121 + 0.27243v5)p” . . .
+ (0.64974 — 0.24237v5)p?

V" = (0.24776 + 0.01698v5) .
(0.15929 — 0.73860v5)p . . .
(0.18628 + 0.48323v5)p? . . .

+ (0.09775 + 0.72660v5 ) p°

d = 0.02049 + 1.05076p. . .
— 1.59468p* + 1.097990°.

These expressions for the homogenized material
properties are used in this paper to compose the ele-
ment stiffness matrices of the support structure.

2.2 Inherent strain method

The inherent strain method was originally developed
for estimation of part deformation in metal welding.
Although the SLM process is more complex than metal
welding, applying the inherent strain method results
in a sufficiently accurate estimation of the thermal
deformation [12].

SLM builds a part by depositing a very high number
of individual layers. Simulation considering each indi-
vidual layer is extremely time consuming and infeasible
to adopt in an optimization framework. Therefore, the
part is divided into a limited number of printing stages,
where each printing stage consists of multiple layers
subdivided in a finite number of elements. Every print-
ing stage is described by an activated layer and bulk
material, illustrated in figure 5. The activated layer is
the stage that is being scanned, the bulk material con-
sists of the stages that have already been printed.

|| Scan direction
| —

I Sean direction

Activated layer

] Bulk material

Buildplate

(a) (b)

Buldpiate

Fig. 5: Schematic representation of the inherent strain
simulation process.

The simulation using the general inherent strain
method starts at the build platform. The first couple
of layers, representing the first printing stage i = 1,
are deposited. The inherent strains €™ are applied to
the elements of the activated layer of the first printing
stage ¢ = 1. Using these strains, the displacements u;
of the full printing stage can be calculated using a
finite element analysis. Next, the second printing stage
i = 2 is deposited on top of the first, the inherent
strains are applied to the elements of the activated
layer and the displacements us of the second printing
stage are calculated. The displacements of the previous
printing stage u; are not considered in the calculation
of uy as the re-coater compensates for all previous
displacements. This process is repeated until the
deformations u; of every printing stage are determined.

The displacements u; of printing stage ¢ are calcu-
lated as follows:
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Kiu; = f;, (2)

where u; collects the displacements for all degrees of
freedom of printing stage ¢, and f; represents the forces
acting on the nodes of the activated layer in printing
stage 4, derived from the inherent strains €™ by the
following expression:

BeTDeeinthe
Qe
3)

f; =Y C°ff,
e=1

where n; is the number of elements in the activated
layer of printing stage ¢ and where B, and D, are
the strain-displacement matrix derived from the shape
functions and the constitutive matrix of the considered
element e, respectively. The matrix C€ is a binary loca-
tion matrix mapping local degrees of freedom to global
degrees of freedom. The global stiffness matrix K; of
printing stage 7 is assembled as follows:

ff‘:

K2

K; = iK = i ceTkece, (4)
e=1

e=1

where K¢ is the contribution of element e to the global
stiffness matrix and k€ is the element stiffness matrix
which is calculated as follows:

Kk® = / B/ D°B°dn° (5)
For the part, the constitutive matrix Dg,,, assuming
plane strain is given by:
1 Vs 0
Es
part = T 0g? vs 1 X 0 (6)
0 0 ==

For the lattice structure, the constitutive matrix of
the homogenized isotruss lattice Dy, ;.. assuming plane
strain is assembled using the expressions for the homog-
enized Young’s modulus E” and Poisson’s coefficient "
given in section 2.1:

L vMp) 0
h €
Dfattice = = (pe) 5 Vh (pe) 1 0 (7)
L=vtp)™ | g o 1720

2.3 Application

The general inherent strain method is applied to a
2D cantilever problem, presented in figure 6, to verify
the simulated deformations. The design domain with a
length L = 150 mm and a height A = 20 mm is dis-
cretized using n = 150 x 20 = 3000 square Q; finite
elements with a side length of 1 mm. In each individual
printing stage ¢, with an activated layer height h; = 1
mm, a load derived from the general inherent strain
method is applied. The TiAl6V4 alloy used in this case
has a Young’s modulus of Fg = 110 GPa and a Pois-
son’s ratio vg = 0.3. The strains corresponding with
this alloy for an activated layer with height h; = 1 mm
were experimentally determined by Materialise and are
given by:

€2 —4.41500 x 1073
€y —4.445698 x 1073
mh _ | € | _ | —1.94260 x 102 (8)
Vzy 0
Yyz 0
Vaz 0

The homogenized properties are determined for a
three-dimensional isotruss lattice cell. The 2D exam-
ples are therefore modelled as a 3D structure with a
thickness of 1 element. The isotruss lattice structure
has a cell dimension of 2 x 2 x 2 mm and the rod diam-
eters can take any value between dp;, = 0.2 mm and
dmax = 1.2 mm. The lower bound on the diameter d is
determined by the minimal printable feature size of the
SLM printer and the upper bound is needed to avoid
trapping metal powder in the structure. In order to en-
sure manufacturability of the cantilever, a uniformly
distributed support structure with a density p of 0.125
is added underneath the horizontal sections. All com-
putations are performed on a MacBook pro 2015 with
a 2.7 GHz Intel Core i5 processor.

——

Fig. 6: Design of the 2D cantilever case.

The resulting displacements of the simulation are
presented in figure 7. The full displacement of the part
up until a specific printing stage i is determined as
a sum of the displacements all layers printed so far.
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Starting from the first printing stage, ¢ = 1, up to
stage ¢ = 16, no significant deformations occur during
manufacturing. However, when the first cantilevering
stage ¢ = 17 is printed, a large vertical displacement
can be observed in the right corner of the cantilever.
The printed part behaves similarly in the following
stages, but to a lesser extent as they are better
supported by the previous cantilevering stages.

! éﬁﬁﬁsmmngﬁiﬁﬁggﬁ' :

i

Fig. 7: Deformation of the 2D cantilever case.

In order to verify the inherent strain method, the
same cantilever case has been simulated in Materialise
Magics, which makes use of the Simufact Solver for
SLM simulations. The results for the displacement field
are similar with a maximum overestimation of 10% for
the values calculated via the general inherent strain

method.

In order to check the convergence of the results
in terms of the mesh resolution, the inherent strain
method is applied to a model with a higher resolution
of n = 300 x 40 = 12000 elements. The experimentally
determined inherent strains €™ of the TiAl6V4 alloy
are only valid for an activated layer with a thickness of
1 mm. Therefore, the simulation is performed using a
height h; = 1 mm, where 1 printing stage consists of 2
finite element layers. The result is presented in figure
8. It shows a similar displacement pattern with a maxi-
mum value of 0.073 mm compared to 0.072 mm for the
original model.

-
mmar
1
'ff“rr
BEABEP.

LSS R s e ee s ned ]

Fig. 8: Displacement plot of the cantilever example with
a mesh resolution of n = 300 x 40 = 12000 elements.

3 Automatic support generation

This section describes a topology optimization frame-
work to automatically generate the required support
structure layout based on the thermal deformations cal-
culated by the general inherent strain method described
in section 2.

3.1 Formulation of the optimization problem

In topology optimization, the structure is subdivided
in a finite number of elements. In this paper, the struc-
ture is composed of a solid part with a fixed topology
and a support structure which forms the design domain
in the optimization. Each element e in the design do-
main is assigned a density p. (zero density for void, unit
density for solid elements) to determine the amount of
material. Afterwards, the densities p. are translated to
rod diameters following equation 1. The optimization
problem is formulated as a minimum volume problem
with a set of displacement constraints and is given by:
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min :

V= Z'Uepe = VTp

T

st ouyy = Lz,j Vi, j (9>

u; S Umax

Pmin S Pe S Pmax;

where the displacements u; are obtained as the so-
lution of the following system of equations:

K, (E"(p), V" (p)w; = {; (10)

In equation (9), the design variables p. are col-
lected in a vector p. Likewise, the volumes v, of
the elements are collected in a vector v. The inner
product of these vectors is the volume V of material
used for the support structure. The objective of the
optimization is to minimize this volume. Constraints
are imposed on the vertical displacements of the top
nodes in every printing stage . In order to limit the
number of constraints and control the computation
time, only a subset of the top nodes is considered in
the optimization. The vertical displacement of the
4 node considered in printing stage i is denoted as
u;,5. This value is obtained from the full displacement
vector u; in stage ¢ by means of a selection vector L; ;.
The maximum allowable value upyayx iS chosen equal
to the layer thickness of the print. Theoretically, this
wil make sure that re-coater collisions are avoided.
However, due to the accuracy of the thermal simula-
tion, real displacements may vary from the simulated
displacements. Therefore, in practical applications, a
safety factor on the maximum allowable displacement
Umax May be considered. After the optimization, the
vertical displacements of all top nodes in every printing
stage are checked in order to verify wether they remain
limited to the maximum allowable value umax-

In order to guarantee manufacturability, abrupt
rod diameter variations between neighboring cells are
avoided by applying a density filter to the optimization
problem [27,28]. This spatial filter replaces the den-
sity of an element p. by the weighted average p. of its
neighboring elements, and is defined as:

ﬁ — ZjENe hgjp]

Zj €N hfj
where N, is the neighborhood set and hfj— is the filter
kernel with radius R defined as:

(11)

hfj = max(R — ||z, — z;||,0). (12)

where ||z, — x;|| is the center-to-center distance from
element e to j. In equation (11) N, is the neighborhood
set, or the set of all elements j for which the distance
|ze — ;] is smaller than or equal to the filter radius R.
The density filter in equation (11) is a linear operator
that can be expressed as:

p=Hlp, (13)
where the goeﬂicient matrix HE consists of elements
HE = Tu

J ZJEN@ h7k

The sensitivity ‘g—‘; of the objective function V(p)

with respect to the design variables p is computed by
applying the chain rule:

oV oV op
9 _9rer (14)
op O0pdp

The sensitivity %—‘g of the objective function V(p) with
respect to the filtered variables p is given by the follow-
ing:

ov. _ r
%—V7 (15)

The sensitivity g—g of the filtered variables p with re-
spect to the design variables p is:

op
dp(x)

The sensitivity ag—;’j of the constraint function L; ;U; <
Umax ON print stage ¢ with respect to the design vari-
ables p is computed by applying the chain rule:

=HE (16)

ouy _ 0usy 08 "
ap op Op
The sensitivity 8ggj of the constraint function u; with

respect to the filtered variables p is computed using the
adjoint variable method:

Ouij _ zr9%iy, (18)
dpe Ope

where the adjoint variable A; is obtained by solving
K;\; = L; ; and the sensitivity %Iﬁ{: of the global stiff-
ness matrix K; with respect to the filtered variables p
is given by:

OK; _ OK; 9B}, OK; Ovp, 19
op. ~ OFh,, Op. | ouk, Op. (19)
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where

dE" | vk | . .
¢ and —2= can be derived from equation
Ope Ope

The sensitivity g—g of the filtered variables p with
respect to the design variables p is obtained in a similar
way as described above.

4 2D example

In this section, the method for automated support lay-
out generation described in section 3 is demonstrated
for a set of 2D examples.

The first benchmark case, presented in figure 6, is
the 2D cantilever problem described in section 2.3. The
maximum allowable vertical displacement .. is set
to a layer thickness of 0.015 mm. The box constraints
on the design variables p. are set to pmin = 0.094
and ppax = 1, corresponding to an axially-aligned
rod diameter of dyin = 0.2 mm and dpa = 0.6 mm.
In order to keep the calculation time limited, the set
of constraints is limited to 50 nodes with the largest
vertical displacements for every print stage i when a
uniformly distributed support structure is used, result-
ing in 50 x 20 = 1000 constraints. A density filter with
a radius R = 3 mm is applied to smooth the transition
between rod diameters. The optimization is performed
in MATLAB using the built-in interior-point optimizer
with default settings.

The results of the optimization are presented in
figure 10. The final volume fraction of the support
structure is 16.62% of the total supporting volume
and every vertical displacement satisfies the maximum
allowable value. The convergence plot, presented
in figure 9, shows that the interior-point optimizer
converges after 220 iterations. The total computation
time is 3h 36min 3sec.

The displacement plots, presented in figure 12, show
the effect of the optimized support layout on the defor-
mation of the part. On the far right end of the can-
tilever, the optimization scheme introduced a stiff ver-
tical strut. This strut reduces the vertical displacement
of the first cantilevering layer, in printing stage i = 17,
in order to limit it to the maximum allowable value
Umax- By restricting the upward displacement of the
first cantilevering layer, the vertical displacement of the
following layers is reduced as well. Additionally, a diag-
onal structure can be observed in the optimized results.
In order to explain the role of this diagonal structure,
a comparison is made of the thermal deformations with

X
=
<]
S T
S 05
= T
£ 04 A
2 \
o
203 \

0.2 \

0.1

0 . . . .
0 50 100 150 200 250

Iteration

Fig. 9: Convergence plot of the 2D cantilever case. The
x-axis represents the number of iterations needed; The
y-axis represents the volume fraction of the support
structure expressed using the filtered variables p.

Fig. 10: Optimized support structure layout of the 2D
cantilever case.

and without this structure in figure 11. In both cases,
it can be observed that the vertical strut is subjected
to bending caused by shrinkage of the cantilever. As
a consequence, the right hand side of the strut elon-
gates, resulting in an upward displacement of the first
layer of the cantilever. The diagonal structure reduces
this bending effect and the resulting upward displace-
ment, such that it remains below the maximum allow-
able value.

i _|I' I |I'! .._III- ol

ofid -
e --||ii Y

(b)

Fig. 11: Detailed view of the displacements on the right
hand side of the cantilever example: (a) with a diagonal
truss and (b) without a diagonal truss.
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Fig. 13: Convergence plot of the high resolution 2D can-
tilever case. The x-axis represents the number of itera-
tions needed; The y-axis represents the volume fraction
of the support structure expressed using the filtered
variables p.

Fig. 12: Deformation of the 2D cantilever case.

In order to check the effect of the mesh resolution
on the final result, the optimization is performed again
using a mesh size of n = 300 x 40 = 12000 elements.
The resulting design is presented in figure 14. the fi-
nal volume fraction of the supporting volume is 20.8%
and all vertical displacements are below the maximum
allowable value. Compared to the result in figure 10
the volume of support structure needed is higher, this
is due to the slightly different displacements obtained
by the simulation of the higher resolution model. The
convergence plot, presented in figure 13, shows that the
interior-point optimizer converges after 377 iterations.
The higher mesh resolution leads to a computation time
of 11h 05min 53sec.

To demonstrate the ability of the optimization
framework to handle more complex geometries, the
support layout of two additional 2D bench-mark cases
is optimized. In the first case, presented in figure 15,
three notches are added to the previously presented
cantilever example. All material properties and opti-
mization parameters are kept the same.

Fig. 14: Optimized support structure layout of the 2D
cantilever case with a mesh resolution of n = 300 x40 =
12000.

JJ E O

Fig. 15: Design of the 2D cantilever case with notches.

The resulting support layout after optimization
is presented in figure 17, the final volume fraction
of the supporting volume is 11.88% and all vertical
displacements are below the maximum allowable value.
The convergence plot, presented in figure 16, show that
the optimizer converges in 250 iterations. The total
computation time is 3h 12min 36sec.

The displacement plots, presented in figure 19, show
the deformation of the part with optimized support
layout during manufacturing. It can be noticed that
a similar vertical strut as in the previous example is
added to the far right corner of the cantilever. Its pur-
pose is again to prevent a large vertical displacement
of the first cantilevering layer in printing stage i = 17,
and therefore reduce the displacement of the following
layers. Starting from print stage ¢ = 9, the notches are
being formed. The support structure introduced by
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Fig. 16: Convergence plot of the 2D cantilever case with
notches. The x-axis represents the number of iterations
needed; The y-axis represents the volume fraction of the
support structure expressed using the filtered variables

p-

Fig. 17: Optimized support structure layout of the 2D
cantilever case with notches.

displacement of the full cantilever introduced in layer
i=17.

(b)

Fig. 18: Detailed view of the displacements on the right
hand side of the cantilever example with notches: (a)
with stiffer support at the notches and (b) without
stiffer support at the notches.

the optimizer shows a difference in layout for each of
the three notches. The further a notch is removed from
the base of the cantilever (left side of the domain), the
stiffer the support structure needs to be. Each of the
notches needs support structure in order to avoid large
vertical displacements of their first layer, demonstrated
in figure 18. Additionally, the extra support added to
the rightmost notch helps in reducing the bending in
the vertical strut, and therefore reduces the vertical

Fig. 19: Deformation of the 2D cantilever case with
notches.
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Fig. 19: Deformation of the 2D cantilever case with
notches.

In the second more complex benchmark case,
presented in figure 20, a sine shaped cantilever is
considered.

Fig. 20: Design of the 2D cantilever case with a sine
shaped cantilever.

The resulting support layout after optimization
is presented in figure 22, the final volume fraction
of the supporting volume is 13.07% and all vertical
displacements are below the maximum allowable value.
The convergence plot, presented in figure 21, shows
that the optimizer converges in 250 iterations. The
total computation time is 3h 4min 48sec.

The displacement plots, presented in figure 23,
show the deformation of the part with optimized
support layout during manufacturing. It can be noticed
that a similar vertical strut as in the previous example
is added to the far right corner of the cantilever. Its
purpose is again to prevent a large vertical displace-
ment of the first cantilevering layer in printing stage
1 = 17, and therefore reduce the displacement of the
following layers. Starting from printing stage ¢ = 13,
a stiffer support is introduced in between the waves
of the sine shape, which can be observed in figure
22. This support structure is required to reduce the
vertical displacements of ’floating’ solid layers which
exceed a critical length.
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Fig. 21: Convergence plot of the 2D cantilever case with
a sine shaped cantilever. The x-axis represents the num-
ber of iterations needed; The y-axis represents the vol-
ume fraction of the support structure expressed using
the filtered variables p.

Fig. 22: Optimized support structure layout of the 2D
cantilever case with a sine shaped cantilever.

The examples presented in this section show that
the proposed optimization framework is able to reduce
the vertical displacements of individual layers by
stiffening the support structure in specific areas. Each
of the top nodes of the activated layers has a vertical
displacement that is smaller than the layer thickness
Umax Making sure that the risk of re-coater collisions is
significantly reduced compared to the example with a
uniformly distributed support structure, presented in
section 2.3.

Fig. 23: Deformation of the 2D cantilever case with a
sine shaped cantilever.
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Fig. 23: Deformation of the 2D cantilever case with a
sine shaped cantilever (continued).

5 3D example

This section considers the optimization of the support
structure layout of a 3D cantilever beam problem,
presented in figure 24. The design domain with a length
L = 150 mm and a height h = 20 mm is discretized
in n = 150 x 20 x 20 = 60000 cubic Q; elements. A
Young’s modulus Es = 110 GPa and Poisson’s ratio
vs = 0.3, corresponding with the TiAl6V4 alloy, is
used. For this case, the maximum vertical displacement
is set t0 Umax = 0.03 mm which corresponds to a
realistic layer thickness of an SLM printer. The set of
constraints is limited to 50 vertical displacements per
print stage resulting in 50 x 20 = 1000 displacement
constraints. A cell size of 1 x 1 x 1 mm is chosen and
the box constraints on the designs variables p. are set
to Pmin = 0.094 and ppi, = 1, corresponding to an
axially-aligned rod diameter of dp;, = 0.2 mm and
dmin = 1.2 mm. In order to ensure smooth transitions
of rod diameters between neighboring cells, a density
filter with filter radius Ryijn = 3 mm is applied to the
optimization.

Fig. 24: 3D cantilever beam problem: printed part (red)
and support structure (blue).

The resulting support structure layout, presented in
figure 26, satisfies all vertical displacement constraints.
The convergence plot, presented in figure 25, shows
that the optimizer converges to a volume fraction of
16.7% after 200 iterations. The computation time is
3h 58min 12sec. The optimized support layout shows
a lot of similarities with the 2D cantilever example
presented in section 4. A stiff vertical feature is formed
on the far right end of the cantilever. This is again to
reduce the vertical displacement of the most critical
point in the cantilever. Additionally, the diagonal
structure reduces the upward displacement in a similar
fashion as the 2D example.
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Fig. 25: Convergence plot of the 3D cantilever case.
The x-axis represents the number of iterations needed;
The y-axis represents the volume fraction of the support
structure expressed using the filtered variables p.

Fig. 26: Optimized support structure layout of the 3D
cantilever beam.

Next, a comparison is made with a uniform support
structure where the density is determined by means
of a bisection algorithm such that the displacement
constraints are satisfied. This approach does not
rely on topology optimization and can therefore be
regarded representative for the current state of the art
in practice. The resulting support structure layout is
presented in figure 27. The volume of support structure
needed in this approach is 64.3% of the total volume
of material required to manufacture the component. In
the design with an optimized support structure layout,
the volume of support structure is reduced to 11.6%
of the total volume needed. It can be concluded that
topology optimization allows for considerable material
savings as well as shorter production times.

6 Conclusion

This paper describes a topology optimization frame-
work for automating the design of support structure in
metal-based additive manufacturing considering ther-

Fig. 27: 3D cantilever beam with a uniformly dis-
tributed support structure designed by a bisection al-
gorithm.

mal deformations. The SLM process used for metal-
based additive manufacturing results in deformations
of the part due to thermal stresses induced during
the printing process. These deformations are restricted
by adding support structure to the design. Manually
adding this support structure proves to be time con-
suming and unreliable due to the complex thermal be-
haviour of the part. The inherent strain method is used
to simulate the thermal behaviour by applying an ex-
perimentally determined initial strain to the part. This
simulation strategy is then used in a topology opti-
mization framework in order to determine an optimized
layout for the support structure while taking into ac-
count a maximum vertical displacement constraint on
each individual layer. Application to two 2D benchmark
problems and a more realistic 3D example demonstrates
that the achieved support structure layout successfully
reduces the vertical deformation to satisfy the required
maximum value. The 3D example demonstrates that
the ratio of support structure volume to the total vol-
ume of material needed is significantly reduced com-
pared to a simple uniformly distributed support struc-
ture.

7 Conflict of interest
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8 Replication of results

This section is intended to help readers reproduce the
results presented in the paper. The source code for repli-
cating the results can be downloaded from the SMO
website as supplementary material along with a file con-
taining instructions.
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