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The present research contributes in the structural topology optimization with the manufacturing limitation
called the overhang constraint and the optimization of the anisotropic material properties. For the opti-
mization with self-supporting structure, the overhang-free shadow filter method is developed. To consider
the anisotropic material property, the raster angles of each layer (the printing direction used to print struc-
tures) are optimized simultaneously with topology. By adding the raster angles as the design variables, it is
possible to find out optimal layouts as well as optimal raster angles considering the anisotropicity. Several
numerical examples of compliance minimization problem are solved to demonstrate the validity and effec-
tiveness of the present density filter and to show the importance of the raster angle.
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1. Introduction

The present study develops a new topology optimization
scheme considering the overhang constraint in the additive manu-
facturing and the raster angles of layers (see [1-8] and references
therein). Despite some limitations and impediments, the additive
manufacturing technology is becoming a preferred manufacturing
technique in a variety of science and engineering as it can make
innovative structural shapes and topologies which are impossible
with previous manufacturing technologies without extra proce-
dures or equipment instruments. Thus additive manufacturing is
regarded as a flexible manufacturing tool for complex manifold
structures. In addition, relevant researches reveal that mechanical
parts deposed layer-by-layer show strong anisotropic material
properties tremendously affecting the strength, stiffness, stability
and usable service life and these properties should be considered
in the designing process [9,10]. In addition, the manufacturing lim-
itation of additive manufacturing technology brings new mathe-
matical and engineering challenges but also new research
opportunities. The structural topology optimization with the man-
ufacturing limitation and the optimization of the anisotropic mate-
rial properties are considered here. The overhang constraint is
treated as a geometrical constraint and imposed by developing a
new density filter method. Among some available filters, the sha-
dow density filter is modified in order to impose the overhang con-
straint [11]. To consider the anisotropic material property, the
raster angles of each layer are optimized simultaneously with
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topology as shown in Fig. 1(b). By setting the raster angles as the
design variables, it is possible to find out optimal layouts as well
as optimal raster angles considering the anisotropicity.

Many innovative researches regarding the overhang constraint
exist. As reviewing all the relevant researches is almost impossible,
it is our suggestion to look up recent review papers regarding the
overhang constraint in topology optimization [1-7,12-16]. In
[4,5], some reviews regarding the additive manufacturing in struc-
tural optimization were reported. In [2,3,6,7,16], the topology opti-
mization methods considering the additive manufacturing
limitations are proposed. The application of the structural topology
optimization was proposed in [1,8,17,18]. Due to the geometric
limitation of the additive manufacturing, the maximum length
scale control as well as the overhang angle control should be con-
sidered (see [8,13] and references therein). In the consideration of
the structural optimization for additive manufacturing, an interest-
ing topic is to develop the overhang-free topology optimization,
i.e., totally the remove of the need for supporting structure. The
overhang-free indicates that all overhang angles are larger than
the minimum self-supporting angle. The consideration and formu-
lation of these overhang constraints have been one of actively
researching topics in structural optimization as it requires a sub-
stantial development in theory and implementation. The topologi-
cal optimization results are simply postprocessed to remove the
overhang-free violations [19]. By reformulating an optimization
formulation by either adding constraints or applying a density fil-
tering, overhang free designs can be obtained [5,19-21]. In [20],
the overhang free designs are achieved by the design variable pro-
jection method. In [3], the density filter method was proposed to
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Fig. 1. Concurrent optimization with the raster angles of each of layers and topology considering the overhang constraint with the shadow filter. (a) The material properties
depending on the raster angle, (b) a topology optimization with the concurrent optimization of the raster angles and topology, (c) the raster angle of the additive

manufacturing and (d) the fallen surface due to the overhang constraint.

consider the overhang free design. In [22], the PUP (Projected
Undercut Perimeter) constraint was added to the optimization for-
mulation and the concept of the self-supporting structure was
demonstrated and validated. In [6], the structural boundary normal
to the optimum and intermediate designs with zigzag and blurry
boundaries were estimated and formulated to impose the over-
hang constraint. In [21], the application of the topology optimiza-
tion considering the overhang constraint was applied for
automotive application. In [23], the overhang constraint was con-
sidered for the structural optimization for compliant mechanism.
The overhang constraints were also implemented in the frame-
work of the MMC (Moving Morphable Component) and MMV Mov-
ing Morphable Void approaches [24]. As the geometry information
is used in the design process, the building orientation of additive
manufacturing can be proposed with the pareto levelset method
too. In [14], the structural topology optimization reducing support-
ing structures is developed. In [15], the overhang constraint and

the minimum member size are considered in topology optimiza-
tion for the additive manufacturing. In [25], the additive manufac-
turing infill structure was optimized for buckling load [1]. The
raster angles are also considered in structural optimization
[9,10]. As the material properties of printed structure are typically
anisotropic, the overall stiffness is influenced by the building direc-
tion or the raster angle [9]. In [10], the optimization of the effective
properties of the constitutive material of structure is considered.
First of all, they introduced a simple model for the anisotropic fea-
ture and they optimize in-fill structure. They observed the exis-
tences of various patterns to fill internal structure such as
anisotropic crust with isotropic bulk or anisotropic bulk, offset
model and isotropic crust with infill. Many relevant researches
for structural optimization for additive manufacturing exist.

The objective of the present study is not to compete with the
novel topology optimization methods considering the overhang
constraints to obtain self-support design. Rather this research
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studies the importance of the consideration of the anisotropicty
with the overhang constraint imposed with the extended shadow
filter [11]. Additive manufacturing technologies make us enable
to produce 3 dimensional products by building up layers of mate-
rial. An additive manufacturing process comprises several steps.
First of all a first layer of building material is formed at a substrate.
After printing and solidification, a new melted material layer is dis-
pensed again to add another layer in the previous layer covering an
overhang area. These procedures are repeated to form a structure
with consolidation material or light activated material depending
on the type of the additive manufacturing technology. When the
overhang angle is smaller than a certain value, the melted and dis-
pensed layer drops and some supporting structures should be
added as shown in Fig. 1(b). Without the help of the supporting
structure, it is hard to manufacture complex structure or some
additional postprocessing procedure is required. Then the support-
ing structures should be ripped out to leave the main structure.
One pitfall of this postprocessing approach may be that the sur-
faces between the supporting structures and the main structure
will be rough and less clean finished. To avoid additional support-
ing structures and postprocessing which increase the cost and
deteriorate the surface finish, several relevant researches exist in
structural optimization to assure the self-supporting structure
[1-6]. To address this issue, this research presents the concept of
the shadow density filter to impose the overhang constraint. Thus,
it is intended that the overhang constraint should be considered
during the topology optimization process. In order to consider this
manufacturing constraint, the present research employs the sha-
dow density filter which was developed to consider the molding
or the milling constraint [11]. The idea of the shadow density filter
is to impose the manufacturing constraint by the density filter sim-
ulating the shadow of structure. The density values of the topology
optimization become the absorption coefficients and they are mul-
tiplied to each other to simulate the shadowing phenomenon and
to impose the molding constraint in topology optimization [11].
This research modifies the direction of the virtual light from the
parallel path to the omni-direction path. By controlling the pene-
tration depth and the direction of the virtual light, this research
finds out that it is possible to impose the overhang constraint.

Structures printed by the additive manufacturing technology
inevitably embrace in-fill structures and layers as shown in
Fig. 1. These printing patterns or meso-structures are observed at
the outer surface (crust) as well as the internal structure (in-fill
structure). These printing patterns are varied and determined by
the employed process conditions in the additive manufacturing
and it has been experimentally and theoretically reported that
the material properties such as Young’s modulus, shear modulus,
Poisson’s ratio, and strength show some variations as illustrated
in Fig. 1(a) (see [9,10] and references therein). Indeed, during an
optimization process, the effect of the raster angle can be consid-
ered and this research sets the raster angles as the additional
design variables in topology optimization. Fig. 1(b) shows the idea
of the present research optimizing the topology and raster angles
of layers. It is also possible to add or remove the outer structure
called the crust as shown in Fig. 2. The actually printed structures
with and without the crust are shown in Fig. 2(b, ¢). In the present
study, it is assumed that the printed parts does not have the crust
and their material properties are bulk as shown in Fig. 2(c).

The paper is organized as follows. Section 2 provides some
backgrounds to the topology optimization and the overhang con-
straint with the expanded shadow density filter. In Section 3, sev-
eral optimization studies are presented. A two dimensional
problem is presented to show the application of the shadow den-
sity filter for the overhang constraint. The importance and charac-
teristics of the raster angles in the additive manufacturing
technology are considered in several three dimensional problems.
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Section 4 provides the conclusions and suggestions for future
research topics.

2. Topology optimization formulations
2.1. Topology optimization with the manufacturing constraint

This research considers topology optimization minimizing com-
pliance subject to mass constraint based on the SIMP interpolation
function. The finite element formulation is employed to solve the
equilibrium equation with the anisotropic or orthotropic material
property defined on the printing plane on the analysis domain Q
as follows:

V.o(u)+b=0inQ (1)

where the nominal stress tensor, the displacement field vector, and
the body force are denoted by &, u, and b, respectively. In the pre-
sent study, the self-weight is not considered. The Neumann bound-
ary condition on 9Qy and the Dirichlet boundary condition on 6Qp
are defined as follows:

o-n=f onoQy, u=0 onoQp (2)

where the normal vector is denoted by n and the traction force is
denoted by f. The stresses, &, and the strains, &, are related as
follows:

o =Ce (3)

The linear anisotropic or orthotropic constitutive matrix is denoted
by C. (In the present study, the orthotropic material property is con-
sidered for the material property but the anisotropic material prop-
erty can be applied.) For the topology optimization problem
considering the raster angles and the overhang constraint with
the shadow density filter, the following optimization problem is
formulated and solved.

Minc = FU+aYy

Subject to V() < Vx
K(7,0)U = F,§ = ®(y), ® : Modified shadow filter 4)

X=07.00=[1:Y2: V3 Vnet> 01 - - - Orayer]
ymmgyg‘l,—ﬂféaéﬂf

where the stiffness matrix, the displacement vector and the force
vector are denoted by K, U and F, respectively. The linear elasticity
is applied with the orthotropic material properties. The objective
function summing the compliance and the penalization is denoted
by c. The design variables defining topology are denoted by y vary-
ing from a lower value y_;, to ones. The filtered design variable with
the shadow density filter, ®, considering the manufacturing limita-
tion is 9. The number of finite elements is denoted by nel and the
number of layers in the printing direction is denoted by layer. The
volume and the upper volume are denoted by V and Vx, respec-
tively. As the extended shadow filter can find out some intermedi-
ate design variables for topologically optimized structure, the
summation of the design variable is added to the objective function
with the scaling factor o to remove the intermediate design vari-
ables. The penalization « should be chosen to make the design vari-
ables converged but not too high to make an unwanted local
optimal. In the present study, the factor is chosen to have about
10 percent of the compliance. Considering the linear strain, the
equilibrium equations are constructed as follows:

nel

K(?: 0)U = F7 K(’)N)v 0) = Zke(?e; Hlayer of element) (5)

e=1

The corresponding raster angle of each element is denoted by
Orayerofelement- The constitutive matrix becomes a function of the ras-
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Anisotropic Bulk

Fig. 2. Crust and internal structure. (a) Printing method with crust and anisotropic or orthogonal internal bulk and raster angle, (b) an example of a 3d printing structure with

the crust and (c) an example of a 3d printing structure without the crust.

ter angle of each element. To formulate this, the compliance tensor
S, i.e., the inverse tensor of the constitutive tensor C, is defined as
follows:

_ T -
Lo oe 000
Vyy Vz
g0 0o
EE 2 0 00
S= i T 16 ={0xx,0yy,072,0y7,0xz,0xy }
0O 0 O 2(1‘yz 0 0
0O 0 0 O ﬁ 0
i 0O 0 0 0 O Zé_xy_
(6)
Symmetric condition : Vo _ Y Yz _ Vo Va Ve (7)

Ec  E,E, EE E

where the Young’'s moduli at each direction are denoted by E;,E,
and E,, respectively. For the orthotropic material, the symmetric
conditions are imposed. In the simulation, the three Young’s moduli
and the three Poison’s ratios, vy, v,x and vy,, are prescribed and the
other Poisson’s ratios are determined considering the symmetric
condition. The subscripts can be 1,2 and 3 without the loss of gen-
erality. The Poisson’s ratios are denoted by vy, vy, and v,,, respec-
tively. The shear moduli are defined by Gy,Gy, and Gy,

respectively. They are determined by nyzz(%xw,cxz:ﬁ.

and G,, = n%ﬂﬂ) The constitutive tensor or the inverse of the com-
pliance tensor, S, with the rotational matrix is defined as follows:
Crunop = RmiRnjRotRyCiiia (8)

mnop

For our finite element implementation, the above constitutive
matrix is obtained with the matrix formulation considering the
order of the strain and the stress components in (6) [26,27]. For
example, the y-direction rotational matrix with the rotational
angle 0 is defined as follows:

2 0 s2 0 2 0
0100 0 0
2 2 —
R_|$ 00 25 0 .c = cos(f),s = sin(0) ©)
0 0 0 ¢ 0 =S
—¢s 0 ¢s 0 c2—s2 0
0 0 0 s 0 ¢
C' =RCR" 10

The material property in the linear elasticity equation is inter-
polated with respect to the density variables, y as follows:

C(5,0) = C" (11)

where the rotated constitute matrix is C', and the penalization fac-
tor of the SIMP interpolation function is denoted by n. This research
adopts 3 or 4 for this penalization factor value. With the raster rep-
resentation of the optimized layouts in the framework of the SIMP
method, the gray elements can cause the unwanted patterns and
the inaccurate apex angle measurement. With a sufficient higher
penalization of the SIMP method, the design variables tend to con-
verge to solids and voids. The density filters including the present
shadow density filter remove some unwanted patterns during the
optimization process. With the gradient based optimizer, the sensi-
tivity values of the objective and the constraint with respect to the
density of the e-th element, y,, should be computed as follows:
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dc dc dy dg dd(y) 7d7~c _ ! dl~(é3 (12)
&y, dydy, " dy dy, dj dye

The sensitivity of the volume constraint with respect to the element
density, 7,, can be similarly obtained with the chain rule.

v dv dj  dv da(y)
dy, dydy, dy dy,

The sensitivity of the objective function with respect to the raster
angle of each layer can be obtained as follows:

dk.

_ T

Zue delayer

€ {All elements defined by Ojqyer } (14)

(13)

dglayer

The sensitivity of the volume with respect to the raster angle is set
to zero.

2.2. Development of the shadow density filter

This subsection presents a new development of the shadow
density filter to impose the overhang constraint of the additive
manufacturing technology. Our previous contribution of the sha-
dow density filter was intended to impose the molding manufac-
turing limitation in topology optimization [11]. The idea of the
shadow filter is to simulate the physical phenomenon of absorbing
and smearing from light and implement this idea in topology opti-
mization. Rather than solving extra additional physics equations,
this approach uses the density filtering to limit the design space
compatible to the molding manufacturing approach. In our previ-
ous contribution, it was assumed that the light travels parallel. In
the current study, the omnidirectional light in limited and con-
trolled directions is proposed to impose the overhang constraint.

The shadow filter does simulate the absorption of light on mate-
rials. Light penetrates materials depending on the porosity of
materials and here finite elements represent materials. Porosity
is defined as a fraction of the volume of voids over the total volume
or the design variables in topology optimization in (4). Thus, light
is more absorbed with materials or finite elements containing low
porosity. With materials containing high porosity, light is less
absorbed. With the simple summation and multiplications of the
design variables, the shadow filter simulates these light absorption
processes in order to impose the manufacturing constraint in
topology optimization. In our previous contribution [11], the light
travels parallel for the molding constraint and this research modi-
fies the direction and penetration depth of light in order to impose
the self-supporting condition.

Inspired from the relevant researches [1-6], this research also
presents a new approach in the framework of the shadow density
filter. Fig. 3 shows the idea of the shadow filter for the overhang
constraint. In these figures, the red triangular boxes are represent-
ing the areas of the light penetrations. The finite element at the top
of the triangle is affected by the light emitted from the elements
beneath the corresponding element. For example, in Fig. 3(b), the
top element rendered by the gray color is formulated as follows:

Vij = Vig ¥ (1= (1= Piqj1) X (1= Pi551) X (1= Vi1 j11) (15)
The idea of the above formulation is that the filtered design variable,
Jij» is determined not only by y;; but also the combinations of the
three elements underneath the (i,j)th element. The second part of
the right side of the formulation simulates the absorption of light

due to the porosities of the four elements. With zeros for
YViciji1 Vije1 and 945, the second part becomes zero. Indeed,
regardless of the y;;, the filtered design variable, j, becomes zero.
On the other hand, the term (1 —(1—7; q;4) % (1=7;,4)%
(1=7i,1j,1)) becomes one when any of the (i—1,j+1)th,
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Fig. 3. The concept of the shadow density filter in two dimensional space (The
weighted factor of the densities underneath the top element is multiplied to the
design variable.): (a) the shadow for the 30° overhang constraint, (b) the shadow for
the 45° overhang constraint and (c) the shadow for the 60° overhang constraint.

(i,j+ 1)th, or (i+ 1,j + 1)th elements becomes one. Indeed, the fil-
tered gamma };; becomes one when y;; and any of the three elements
underneath the (i,j) th element become ones as shown in Table 1.
The developed formulation can be implemented to impose the
45° overhang constraint in topology optimization. Compared with
the other existing approaches using the pseudo min-max opera-
tors, the operations are formulated with simple algebra operators.
The number of layers underneath the corresponding element can

Table 1
The filtering example of the 45° overhang constraint in (15).

Vi Yij (Vic1js1> Vigets Vivje1)
1 (Solid) 1 (1,0,0), (0,1,0), (0,0,1)
(1,1,0), (1,0,1), (0,1,1)
(1,1,1)
0 (Void) lor0 (0,0,0)
0 (Void) 0 Any combination
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be varied depending on the purpose. In the present study, we con-
sider one or two layers to illustrate the concept of the shadow
density filter. After the above operation, it is possible to use the
S-shape function to accelerate the optimization process [28]. The
formulations can be extended for the other overhang angles as
shown in Fig. 3(a) for the approximately 30° overhang constraint
or Fig. 3(c) for the approximately 60° overhang constraint. The for-
mulations for these overhang constraints can be listed as follows:

Vij = 7Vij * Oavsorp3o for 30° overhang (16)

Oapsorp3o = 1= (1 = Pij01) X (1= Viggu2) X (1= 7i532) X (1= Yiaji2)

Jij = Vij X Oabsorpas for 45° overhang 17)

Oabsorpas = 1 — (1= i 15:1) X (1 =i5,1) ¥ (1= Vis1j01)

Jij =7y % (1= 060 X Orteorgo) for 60° overhang (18)

szsurps() - (1 - (] - 'yl 1]+1) ( - yij+])) X (] - Vi+1_j+1))

Bzisurpao - (1 7( - /1—3J+2) X ( - Vi,2j+2) X (1 — yi—l,j+2)
X(1=7ij12) X (1= Yisaj52) X (1= Vig2j02) X (1= Pis3412)

For the self-supporting conditions of 30° or 60°, the design variables
of the two layers underneath the corresponding element are consid-
ered. To illustrate the defined operators, Fig. 4 shows several exam-
ples of the extended shadow filter with the testing structure
generated randomly to show the effect of the shadow density filter.
As illustrated, the extended shadow filter can successfully impose
the overhang manufacturing constraints when the structures are
converging to ones or zeros.

One important aspect in the present density filter is that the
optimization algorithm is smart in terms of finding some interme-
diate density distributions in order to make the filtered density an
optimal topology without the overhang constraint. In order to
remove this side effect, it is possible to add/constrain the summa-
tion of the design variables or add/constrain the convergence of the

Printing direction

<

(c)
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design variables with >~ 7 x (1 —9). In addition, it is possible to
insert some penalization factors to the above formula to improve
the convergence. The above filters can be extended into 3 dimen-
sional structure too with the following formulation for the 30°
overhang constraint.

?i-j-,k = Vijk X VIJIH»I X H ))smk+2 (19)
sefi— 1,i,l+1},m e{j—-1,j4,j+1}

For the density filter with the 45° overhang constraint, the follow-
ing filtered density can be formulated. Fig. 5 shows the schematic
diagram of this operator for the 45° overhang constraint and other
examples with the different overhang angles can be obtained
similarly.

/Uk = Vijk X H /smkﬂ (20)
se{i—-1,ii+1},me{j—1,j,j+1}

For the density filter with the 60° overhang constraint, the follow-
ing density can be formulated.

Viik = Viju X H(l = (Vsmks1)) X H(l = (Vpgis2)) (21)

sefi—Lii+1}hme{j—1jj+1}
p6{1721>l+2}~q€{,]72]7]+2}

Fig. 6 shows some examples of the filter in 3 dimensional struc-
tures. Fig. 6(a) is a structure to considered. As it is assumed that the
printing is carried out in the y-direction, the center block cannot be
manufactured without the supporting structure. Thus, the layouts
in Fig. 6 are the post-processed layouts satisfying the overhang
constraints with the present formula. To consider the raster angles
of the additive manufacturing process, it is possible to modify the
extended shadow filter with the finite element procedure with ani-
sotropic material property. In the present study, it is assumed that
each layer perpendicular to the printing direction has an equal ras-
ter angle and an equal material property. With the raster represen-

Printing direction

Printing direction

()

Fig. 4. The shadow density filter example in 2 dimensional space. (a) The structure of interest, (b,c and d) the filtered designs with the 30°, 45° and 60° overhang constraints,

respectively.
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tation of the optimized layouts in the framework of the SIMP
method, the gray elements can cause the unwanted patterns and
the inaccurate apex angle measurement. With a sufficient higher
penalization of the SIMP method, the design variables tend to con-
verge to solids and voids. Thus, the density filters including the
present shadow density filter remove some unwanted patterns
during the optimization process.

3. Optimization results

To validate the concept of structural topology optimization con-
sidering the manufacturing constraint with the shadow density fil-
ter (self-supporting structure), this section solves one 2-
dimensional problem and several 3-dimensional problems. The
geometries and the material properties of the considered problems
are arbitrary chosen to show the validity of the present research.
The consideration of the self-weight has not been considered in
the finite element simulation. For the optimization algorithm, the
method of moving asymptotes (MMA) algorithm is used [29].

3.1. 2 Dimensional example: the application of the overhang constraint
(Self-supporting structure)

First of all, in order to show the effectiveness of the extended
shadow density filter for the self-supporting structure, the struc-
tural optimization in Fig. 7 is considered with the isotropic linear

(b)

Fig. 5. The shadow density filter for the 3 dimensional 45° overhang constraint: (a) the design variables and (b) the shadowing of the design variables.

™

Viclj+rk41

Vi j+1k+1

Vi jarkn

material; the raster angle optimization should be carried out in 3
dimensional space. Without the overhang constraint for the self-
supporting concept, the optimized layout can be obtained in
Fig. 7(a:right). The postprocessed designs shown in Fig. 7(b) indi-
cate that the design in Fig. 7(a) becomes inferior by imposing the
overhang constraint assuming the printing direction from top to
bottom. This aspect has initiated many relevant researches. In
order to show the application of the overhang constraint with
the extended shadow density filter, Fig. 8 shows the optimization
results with the 30°, 45° and 60° overhang constraints. It is
assumed that the printed part and layers grow downward. The left
figures show the distributions of the design variables y whereas
the right figures show the filtered densities y used for the stiffness
matrix. As illustrated, the extended shadow density filters can
impose the manufacturing constraints successfully with the
extended shadow filter. The results satisfying the overhang con-
straints or the geometric constraints, the compliance values
become higher. The shadow density filters with 30 degrees and
60 degrees have the filters formulated with the three layers when
the shadow density filter with 45 degrees has the two layers. Due
to this aspect, gray elements appear often with the shadow density
filters with 30 degrees and 60 degrees. These optimized structures
illustrate the application of the shadow density filter to impose the
condition of the self-supporting structure. As the shadow density
filter removes the unwanted patterns violating the overhang con-
straint, the designs are local optima. As the original optimization
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Fig. 6. The shadow density filter example in 3 dimensional space. (a) The structure of interest, (b,c and d) the filtered designs with the 30°, 45° and 60° overhang constraints,

respectively.

V72222224

(b) Left: 30 © overhang, Center: 45 ° overhang, Right: 60 ° overhang

Fig. 7. Two dimensional compliance minimization problem. (a) Problem definition (L=120 m by H =60 m, Young’s modulus = 1 N/m?, Poisson’s ratio = 0.3, 120 by 60
discretization, F = 0.5 N Mass constraint: 30%, Printing direction: from top to bottom) and an optimization without the constraint (Compliance: 32.8941 (J)) and (b) the
postprocessed optimal designs (non-sensible compliance values for the left and the center designs due to the disconnection between the load and the bottom boundary
condition and the compliance of the right design: 1497 (])).

formulation pursuits an optimized layout minimizing the compli- mization formulation. However, the removal of a specific pattern
ance subject to the mass constraint, the designs satisfying the over- may require a lot of local constraints and a computational time.
hang constraint with the density filter are local optima. To alleviate Thus, the present study achieves this purpose by the present sha-
this issue, it is possible to add additional constraints to the opti- dow density filter.
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Printing direction
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(c) (Left: design variable, right: physical density)

Fig. 8. The optimized self-supporting layouts with the overhang constraint but without the optimization of the raster angle (left: the design variable 7, right: the filtered
density variable y). (a) An optimized layout with the 30° overhang constraint (Compliance: 217.3242 (])), (b) an optimized layout with the 45° overhang constraint
(Compliance: 179.2713 (J)) and (c) an optimized layout with the 60° overhang constraint (Compliance: 78.1591 (J)).

3.2. 3 dimensional example: optimization of raster angles only

For the next example, the optimization problems of the raster
angles of each layer of the box manufactured and printed by the
additive manufacturing are considered to call into question the
value and importance of the consideration of the anisotropicity
of printed parts. The box domain is set to 5 m by 5 m by 10 m with
the uniform pressure at the top of the box and the fixed and
clamped boundary condition for the bottom of the box in Fig. 9.
The design domain is discretized by 5 elements in the x-direction
by 30 elements in the y-direction by 5 elements in the z-
direction. Note that the domain and the finite element discretiza-
tion are arbitrarily chosen for the illustration purpose. To investi-
gate the effect of the material properties and the geometry, an
orthotropic material and a set of elastic constants are employed;
Without the loss of generality, the Young’s moduli for the 1-
direction, the 2-direction and the 3-direction are set to 1 N/m?,
5N/m?, and 1N/m?, respectively. The Poisson’s ratio
Vo1 = V31 = Vo3 = 0.3. Without rotation, the 1,2 and 3 direction
become the x,y and z directions. The symmetric compliance matrix

is defined. Hence, the considered material is a linear orthotropic
material obeying the Hooke’s law. By rotating the material around
the y-direction, i.e., the printing direction of the additive manufac-
turing, the purpose of the optimization problem is to find out the
distribution of the raster angles to maximize the stiffness and min-
imize the compliance. To achieve this, the topological design vari-
ables, 7y, are set to ones in the optimization problem in (4). Not
permitting the change of the material status from void to solid or
vice versa within the solid box, the raster angles of each layer
are optimized through the gradient optimizer. The initial raster
angles of each layer are set to 0°. It is assumed that the additive
manufacturing technology maintains the raster angles of each
layer. To get a guideline or a reference to compare optimized
results of the gradient based optimizer, Fig. 9right) shows the
curve of the compliance value by varying the raster angles. The ras-
ter angles of the 30 layers in the y-direction are assumed to be
identical for the compliance evaluation in Fig. 9right). The approx-
imately shifted cosine curve is obtained and it turns out that the
minimum compliance is 4.744 x 10”3 (J) at 45°. From a physical
point of view, it is interpreted that the setting of the raster angles
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Fig. 9. Example of the uniform raster angle.

to 45° or 145° increases the overall stiffness of the solid box. Fig. 10
(a) shows the optimized raster angles for 30 layers; The number of
the design variables of the raster angles is 30. As the raster angles
of each layer can be optimized, interestingly the raster angles of
the layers below 5 m and above 9 m are far from 45° and the raster
angles in the middle of the box are about 45°. To provide a deeper

Region of Saint-Venant

100

~N ®© ©
o O O

uolysod A
[=2]
o

Angle (degree)

o
o

I
o

4 6
y Position

—
[«¥]
Nass

Raster angle

(b)

Fig. 10. Example of the uniform raster angle (objective: 4.7410 x 107(J)).

10

understanding of the physical aspect of this distribution, a func-
tional evaluation would be highly desirable. By investigating the
curve, it is found that the Saint-Venant’s principle can be utilized

Region of Saint-Venant

uoisod A

0OJj1 2 3 4 56 7 8 910

y Position
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Fig. 11. Example of uniform angle with the z-direction force (Objective: 21.4110
()]



Gil Ho Yoon

60

40

20

Raster angle (Degrees)
o

Computers and Structures 256 (2021) 106637

20

30 40 50
Layer

()

Fig. 12. Example 2: Optimization with the raster angles of each layer and topology. (a) The problem definition, (b) the optimal design without any geometric constraint and
the raster angle distribution (Compliance: 3.6787 x 10° (J)), and (c) the raster angles.

to explain the optimized result. The optimization algorithm deter-
mines the raster angles considering the effect of the fixed boundary
condition and the raster angles below 5 m are far from 45°. To rep-
resent the optimized raster angles, Fig. 10(b) shows the box struc-
ture and the directions of the raster angles of each layer; the red
arrows are the vectors pointing the x-direction and the blue arrows
are the vectors of the optimized raster angles. The compliance of
the optimization design is 4.7410 x 10~* (J) which is mediocre
and is slightly lower than that in Fig. 10(a) (4.744 x 107> (])). The
improvement of the objective function to the worst compliance
is about 5 percent and this improvement is dependent on the
directional differences in the employed material properties. To
investigate the effect of the size of the design domain, Fig. 11
shows the optimization with the narrow box (2 m by 10 m by 2
m). The domain is discretized with 5 by 120 by 5 elements and
the forces are applied in the z-direction. Accordingly, the number
of the raster angles of the layers is 120 in this example. By assum-
ing the uniform raster angles along the y-direction again, the low-
est compliance is about 21.4733 (J) at 90°. Fig. 11(b) shows the
optimized raster angles whose compliance value is slightly
improved to 21.4110 (J). This is also smaller than that of the design
with the uniform raster angle. The Saint-Venant’s principle is also
applied here.

3.3. 3 dimensional example 1: The optimization with the raster angle
and the topological design variables

In order to investigate the effect of the optimization of the ras-
ter angles of each layer and topological design variables, the 3-

11

dimensional design problem in Fig. 12(a) is considered. The size
of the design domain is 1m by 5m by 5m and the right side
and the fraction of the bottom surface are clamped. The z-
direction force is applied. Fig. 12(b) shows the optimization result
without any manufacturing constraint. The arrows beside the opti-
mal topology represent the reference bases along the x-direction
(blue arrows) and the directions of the optimized raster angles of
each layer (red arrows). As in the previous examples, it is assumed
that the finite elements at the same y-position have the uniform
raster angles printed by the additive manufacturing. As the vertical
force in the z-direction can be resisted by a vertical structure with
the help of the bottom fixed boundary condition, the vertical struc-
ture in the z-direction appears mainly. Due to the effect of the Pois-
son’s ratio, the top horizontal bar structure and the oblique bar
structure appear in order to utilize the supporting condition of
the right side at y = 0. Without the support of the right side of
the box, a main vertical structure connecting the force and the
fixed boundary condition of the bottom surface is an optimal
design. Note that the raster angles of each layer are optimized
simultaneously. The structural members in the middle of the
design domain have about —57 and 57° for the raster angles. Due
to the orthotropic property, the alignments of these two different
angles are same. Due to the effect of the clamped boundary condi-
tion, the intersection regions show some variations of the raster
angles. This example illustrates that not only the optimal topology
but also the raster angles of each juxtaposed layer can be opti-
mized to increase the stiffness or minimize the compliance. How-
ever, due to the overhang constraint in the additive manufacturing
technique, the vertical bar cannot be printed when the layers are
juxtaposed in the y-direction. Thus, this obtained structure is the
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Fig. 13. The optimization results with the present shadow density filter. (See Table 2 for the objective values, blue arrows: the directions with 0 degree, red arrows: the
directions with the optimized raster angles.).

Table 3
The objective values of the optimal layouts with the different material property in Fig. 14.
Optimal design in Fig. 14 and postprocessed designs (J) Optimal designs in Fig. 14 with the overhang constraint (J)
Without overhang constraint 1.5952 x 10°
Overhang constraint (30°) 2.5870 x 107 4.9869 x 10*
Overhang constraint (45°) 2.5971 x 107 3.5387 x 10*
Overhang constraint (60°) 9.2544 x 10° 2.5392 x 10*

12
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Table 2

Comparison of the optimized designs (Fig. 12 and Fig. 13) with the shadow density filter.
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Optimal design in Fig. 12 and postprocessed designs (J)

Optimal designs in Fig. 13 with the overhang constraint (J)

6.3701 x 10*
3.2495 x 10*
49229 x 10*

Without overhang constraint 3.6787 x 10°
Overhang constraint (30°) 5.6385 x 107
Overhang constraint (45°) 6.3975 x 107
Overhang constraint (60°) 1.1257 x 10°

60
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Layer
(a) Without the overhang
200
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100
50 ¢
ol
-50
100 - - -
0 10 20 30 40 50
Layer
(b) Overhang constraint: 30°
200
150
100
50
0
-50
2 <4 100 - -
0' -2 0 10 20 30 40 50
y S Layer
(c) Overhang constraint: 45°
100 :
50
0
-50
100
0 10 20 30 40 50
Layer
(d) Overhang constraint: 60°
Fig. 14. Optimal layouts with the different material property

(Ey =147N/m? E, =1 N/m?,E, =0.735N/ m?, vy, = 0.292, vy = 0.019864,
Vi3 = 0.4490, v3; = 0.02245, v,3 = 0.3900, vs, = 0.53061, G, = 0.9410 N/m?, G, =
0.449 N/m?, Gy3 = 0.3900 N/m?).

optimized design in terms of the compliance but not for the man-
ufacturing constraint. To consider the overhang constraint or the
self-supporting condition, it is assumed that the layers are printed
in the y-direction from the bottom layer to the upper layer. Then
the overhang constraints, i.e., 30°, 45°, and 60°, are applied for
the optimal topologies in Fig. 13. With the shadow density filter
for the additive manufacturing, the vertical bar connecting the load
to the fixed boundary condition of the bottom surface disappears
as the vertical bar mainly violates the overhang constraint when
this structure is printed in the y-direction. The representations of
the optimized raster angles are shown beside of the optimized
structures. The optimized angles are about 90 and —90 degrees
for the 30° overhang constraint (Fig. 13(a)), the 45° overhang con-
straint (Fig. 13)) and the 60° overhang constraint ((Fig. 13(c)). To
show the structures, the postprocessing is carried out and the den-
sities without the postprocessing at each cross section are plotted
in the figures. Table 2 compares and cross checks the compliance
values of the optimized structures in Fig. 12 and Fig. 13. The second
column shows the objective value without the shadow density fil-
ter and the objective values after applying the overhang con-
straints. The objective value without the overhang constraint but

with the optimization of the raster angle (Fig. 13) is 3.6787 x 10°
(J) and the compliance values with the overhang constraints are

dramatically changed to 5.6385 x 107 (J), 6.3975 x 10’ (J) and
1.1257 x 10° (J) in cooperating with the overhang constraints;

the lower bound of the constitutive matrix is set to 10~ times of
the constitutive matrix of the solid material. With the overhang
constraints, the compliance values are higher than the compliance
value without the overhang constraint. However, after the postpro-
cessings with the shadow density filters, the compliance values are
significantly deteriorated (see the second column in Table 2). In
addition, as the present shadow density filter imposes the manu-
facturing constraint or the geometric constraint, the obtained
designs should be interpreted as the local optima. To impose the
overhang constraints for 30° and 60°, the design variables of the
three layers are linked when the design variables of the two layers
are used for the overhang constraints for 45° (see the formulations
and equations (19), (20) and (22)). Due to the local optima issue
casused by these differences, it is observed that the compliance
value of the design with the 45° overhang constraint is better than
the compliance value of the design with the 60° overhang con-
straint as expected. This can be explained by the local optima issue
of the present shadow density filter. Locally optimized layouts of
the compliance minimization problem may be similar to the layout
in Fig. 12. In other words, the optimization formulation finds out
an optimal design or optimal designs with a higher compliance
value(s),as the present density filter or the shadow density filter
limits the design space in which the optimizer should explore.
Indeed, the more restrictive your design space is, the more local
optimized layouts you can get. The detail objective values are listed
in Table 2.

In order to test the effect of the material properties, the effect of
another material property on the optimal layout and the optimal
raster angle is considered in Fig. 14. The shear moduli are deter-
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Fig. 15. Example 2-1: (a) the problem definition (1 m by 5 m by 10 m), (b:left) the optimal layout with 40 percentage mass (Compliance: 3.3478 x 10 (J)) and (b:right) the
optimized raster angle distribution and (c) the postprocessed designs considering the overhang constraints (Left: the design with 30 degree overhang angle (Compliance:
1.6184 x 10° (J)), Middle: the design with 45 degree overhang angle (Compliance: 1.6203 x 10° (J), Right: the design with 60 degree overhang angle (Compliance: 3.4051

x10* (1))).

mined independently in the considered material. The overall topo-
logical shapes are similar with some differences in detail. However,
the distribution of the raster angles are different. With the different
material orientation, the enhancement of a specific layout is often
accompanied by optimizing the different raster angle. This exam-
ple also illustrates the importance of the optimization of the raster
angle. The detail objective values are listed in Table 3.

14

3.4. 3 dimensional example 2: the optimization with the raster angle
and the topological optimization design variables

As the next example, the solid box (1 m by 5 m by 10 m) is con-
sidered in Fig. 15(a) with the same material properties in the pre-
vious example. The bottom surface is clamped and the load is
applied at the end of the domain. First of all, the optimization pro-
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Fig. 16. The optimization results with the shadow density filters for the overhang constraints. (a) The result with 30° shadow density filter, (b) the result with 45° shadow

density filter, and (c) the result with 60° shadow density filter.

cess without the shadow density filter is carried out for the
optimization result in Fig. 15(b). The optimized design and the
optimized raster angles, i.e., the rotation angle of each layer in
the y-direction, are plotted with the same manner of the previous
examples. The topologically optimized structure which resists the
load can be obtained. Interestingly, it is noted that the raster angles
become switched in the middle of the optimized layout. It is due to
the symmetricity of the material constitutive matrix and the
boundary condition. In other words, the raster angles about
90° and —90° are the rotational angles at the middle of the
section in Fig. 15(b:right). As the Young's moduli are set

15

E, =2 x E; = 2 x E3, the rotations in the positive y direction and
the negative y direction result in the same stiffness matrix. It also
reveals that the structural optimization with the raster angle
expands the design space in which the optimizer should explore.
Fig. 15(c) shows the filtered and postprocesssed designs. As
expected, the left-bottom structural members are removed due
to the geometric constraints imposed by the self-supporting condi-
tion. The design alternation with the 60° overhang constraint is not
significant with the connected boundary condition in the right
most design in Fig. 15(c). Unfortunately the structures post-
processed with the 30° and 45° overhang constraints are discon-
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Table 4
Comparison of optimization designs in Fig. 15 and Fig. 16 (Mass 40 %).
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Optimal design in Fig. 15 and postprocessed designs (J)

Optimal designs in Fig. 16 with the overhang constraint (J)

Without overhang constraint 3.3478 x 10*
Overhang constraint (30°) 1.6184 x 10°
Overhang constraint (45°) 1.6203 x 10°
Overhang constraint (60°) 3.4051 x 10*

1.2360 x 10°
1.2016 x 10°
3.9490 x 10* (Local optima)

(a) Without the

straint

(c) Overhang constraint: 45°

overhang con-

(b) Overhang constraint: 30°

(d) Overhang constraint: 60°

Fig. 17. The optimization results for a bigger design domain (30 by 30 by 60). (a) The design without the overhang constraint (compliance: 6.9284 x 10° (]), (b-d) the designs
with the overhang constraints (the compliance with the 30° overhang constraint: 7.5407 x 10° (J), the compliance with the 45° overhang constraint: 6.7789 x 10° (J) and the

compliance of the 60° overhang constraint: 6.8318 x 10° gn.

nected and their compliance values are increased significantly.
Fig. 16 shows the optimized layouts with the shadow density filter.
The optimal layouts satisfying the overhang constraints are
obtained as expected. Table 4 compares the compliance values of
the optimized layouts in Fig. 15((b) and Fig. 16. As expected, the
best design among the compared layouts in Table 4 is the opti-
mization design without any geometric constraint. The design
postprocessed with the 60° shadow density filter is the second best
design in Table 3 and this implies that the design with the 60° sha-
dow density filter is inferior and it is the local optima issue by the
design space restriction by the present shadow density filter. The
designs with the 30° and 45° overhang constraints are better than
the postprocessed designs of the Fig. 15(b).

3.5. 3 Dimensional example 3: the application of the overhang
constraint (Self-supporting structure)

For the next example, the three dimensional problem is consid-
ered in Fig. 17. The same procedure of the previous examples is
applied. Without the overhang condition, an optimized structure

16

is obtained in Fig. 17(a). Compared with the objective values with-
out the shadow density filter, the lowest objective value can be
obtained. With the applications of the shadow density filters, the
manufacturing constraints are successfully applied with the
increased objective values. The evaluations of the objective values
of the design postprocessed by the shadow density filters are not
computed as the volumes are also increased significantly. To solve
this example, the iterative solver implemented in the Matlab is
used to save the computational time and memory. The sensitivity
analysis takes about a half of the computation time as it requires
the recursive operations of the shadow density filter.

4. Conclusions

This research presents a new shadow density filter method sat-
isfying the overhang constraint or the self-supporting condition
and presents its application for structural topology optimization
minimizing the compliance subject to the mass constraint by opti-
mizing the raster angles as well as the structural topology. The pre-
sent research intends to address the importance of the
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consideration of the anisotropicity of printed parts. As printed
mechanical parts inherently contain the anisotropic material prop-
erties, these raster angles can be optimized simultaneously. The
optimized raster angles and optimized structures enhance the
structural performance. In addition, this research presents the sim-
ple algebra to impose the overhang constraints in structural opti-
mization what is catagorized as the density filter method. The
shadow density filter developed here simulates the absorption of
the light emitted from a bulb. By controlling the absorption direc-
tion and depth, it is found that the shadow density filter can be
used to impose the overhang constraint in topology optimization.
By optimizing the raster angles of each layer that are the printing
directions in the additive manufacturing as the design variable, it
is possible to find out optimal layouts as well as optimal raster
angles considering the anisotropicity. Several numerical examples
are solved to demonstrate the validity and effectiveness of the pre-
sent shadow density filter. For future research, we expect that the
present framework can be extended to consider more complex
manufacturing constraints. In addition, the optimization of the
crust in the additive manufacturing can be considered.
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