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A New Development of a Shadow
Density Filter for Manufacturing
Constraint and Its Applications
to Multiphysics Topology
Optimization

The present research develops a new shadow filter and presents its usage for structural
topology optimization (TO) considering the molding manufacturability. It is important to
consider manufacturing methods in designing products. Some geometrical features not
allowing molded parts should be removed. In addition, it has been an important issue to
efficiently impose these manufacturing constraints in TO. For this purpose, the present
research emulates implementation of shadowing of products and applies the shadow
images as pseudo-density variables in TO. The use of this shadow density filter ensures
that the optimized layouts comply with the conditions of the manufacturing constraints.
Various manufacturing conditions can be imposed depending on the direction and the posi-
tion of the light. Several numerical examples of compliance minimization problem, conju-
gate heat transfer problem, and fluid—structure interaction problem are solved to
demonstrate the validity and effectiveness of the present shadow density filters, and their
performances are compared. [DOI: 10.1115/1.4048818]

Gil Ho Yoon'

Professor

School of Mechanical Engineering,
Hanyang University,

Seoul 04763, Korea

e-mail: ghy@hanyang.ac.kr

Seon Il Ha

School of Mechanical Engineering,
Hanyang University,

Seoul 2220, Korea

e-mail: qwzxc12@gmail.com

Keywords: topology optimization, manufacturing constraint, geometrical constraint,
molding  constraint, multiphsyics problem, design for manufacturing, design

methodology, design optimization, multidisciplinary design and optimization

Introduction

This research presents a new shadow density filter in a topology
optimization (TO) framework to effectively consider various geo-
metric constraints of manufacturing methods with molds in metal-
lurgy, casting, or injection processes (see Refs. [1-4] and the
references therein). When engineers consider the molding process
as a manufacturing technique for some components of their prod-
ucts, it is important that the shapes of the components allow the
molded parts to be easily removed from the molds. Due to the dif-
ficulties in accurately predicting the metal/reign mold flow direc-
tion, it is hard to simultaneously consider the performances of the
products and processability. Thus, the design for manufacturing
(DEM) process should be adapted to consider the performance of
products together with their manufacturing costs and manufactur-
ability. DFM relies on qualified engineers and their experience [5—
9]. From a structural topology optimization point of view, there are
relevant researches considering the manufacturability [1-3,10-12].
In Ref. [1], the virtual scalar value problem is solved to enforce the
manufacturing constraint. In Ref. [2], the pseudo light approach
was proposed for the level-set approach. In Refs. [3,13], the design
variables in two-dimensional domain are reduced to a vector to con-
sider the manufacturing constraint. In Ref. [4], the manufacturing
constraint is addressed and applied for aerospace component. To
contribute this research topic without solving extra physics
problem to impose the manufacturing constraint and maintaining
the number of the design variables in topology optimization, this
research develops a new concept called the shadow density filter
for TO [1,2,14]. Compared with the relevant researches, the
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present shadow density filter does not solve the additional physics
or reduce the number of the design variables.

Structural optimization has been widely used in engineering
and sciences as a powerful tool in finding optimal structures
based on mathematical optimization theory. Several types of
structural optimizations exist including size, shape and topology.
TO allows us to find new and sometimes unanticipated optimal
topologies without a prior given topology, and it has been
widely applied for complex multiphysics problems (see Refs.
[15-18] and reference therein). Currently, many commercial soft-
ware packages provide some functionalities of TO, and some suc-
cessful industrial applications can be found. The solid isotropic
material with penalization (SIMP) method is popular, and there
are other parameterization approaches in topology optimization
such as the level-set based topology optimization, the moving
morphable component (MMC) approach [19,20], the wavelet-
based approach, and the element connectivity parameterization
method [21,22]. There has been an increase in studies focusing
on manufacturability in TO (see Refs. [1-4,13,14,23] and the
references therein). The TO method mainly considers the perfor-
mance as an objective with a few constraints, therefore, the opti-
mized structures should be interpreted and modified by engineers
considering the manufacturing constraints they adopt. In other
words, a topologically optimized design can be too complex to
be manufactured, and some modifications to accommodate the
manufacturing process are essential. However, these modifica-
tions can degrade the performance significantly, and some reck-
less modifications can ruin the important features of the
optimized designs. Therefore, a fundamental question arises for
the optimality of the modified design. To overcome this issue,
manufacturing constraints have been introduced during optimiza-
tion processes. As there are many kinds of manufacturing pro-
cesses and conditions, it is very challenging to mathematically
construct these conditions and processes and embed them in the
framework of an optimization process.
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There have been some relevant studies to impose manufacturabil-
ity in TO. First of all, the checkerboard and the hinge pattern control
are part of the earlier geometric constraint (see Ref. [24] and the
references therein). The minimum or maximum length scale con-
straints are also geometric constraints [11,25]. Recently, the addi-
tive manufacturing (AM) process has attracted many attentions.
Because of the development of 3D printing, it becomes important
to satisfy the overhang conditions in AM [26-28]. There are
some relevant studies in topology optimization for molding con-
straints. In Ref. [29], Xia et al. presented a method restricting the
motion of a free boundary using a level-set approach. In
Ref. [23], the casting and milling constraints are imposed by the
projection based algorithm. In Ref. [30], the undercut and overhang
angle control is introduced. In Ref. [31], the manufacturing con-
straint was considered in a level-set approach. In Ref. [32], the pro-
jection based approach was introduced in topology optimization. In
Ref. [33], the deep drawing constraint was considered by introduc-
ing the mid-surface design, including cutouts. In Refs. [3,13], the
design variables in two-dimensional domain are reduced to a
vector to consider the manufacturing constraint. In Ref. [4], the
manufacturing constraint is addressed and applied for aerospace
component considering the manufacturability. Shape feature
control was proposed in the level-set approach in Ref. [34]. In
Ref. [13], the multiaxis machining restrictions are considered.

The new shadow density method presented in this research
imposes a manufacturing constraint that can be incorporated with
the TO process. Specifically, the design variables of TO are filtered
to prevent some geometric features that would prohibit the use of
the molding manufacturing process. The shadows of the design
variables are generated using simple multiplication and subtraction
of the design variables for virtual lights, and these shadows are used
as the pseudo densities to determine the stiffness matrices of the
finite element simulation and the sensitivity analysis. Some void
regions in these shadow images are surrounded by solid regions
and are shadowed with virtual light and rendered as virtual solid
regions. The undercut geometries can be shadowed in the direction
of the virtual light, and the pseudo densities do not contain the geo-
metric features of the undercut geometries. Therefore, we found that
the present shadow density filtering approach can be incorporated
with TO.

This paper is organized as follows. Section 2 describes the basic
equations for the structural optimization problems. The develop-
ment of the present shadow filter formulation is described in
Sec. 3. Section 4 presents several numerical examples to show
the advantages and disadvantages of the present shadow density
filter. Section 5 presents the conclusions and suggests future
research topics.

Topology Optimization Formulations

Compliance Minimization Problem. To illustrate the validity
of the shadow filter, this research considers TO minimizing compli-
ance subject to mass constraints based on the SIMP interpolation
function. It is common to use the finite element formulation to
solve the equilibrium equation on the domain Q as follows:

dive(u)+b=0 inQ D

The Cauchy stress tensor, displacement field vector, and body
force are denoted by 6, u, and b, respectively. The Neumann and
the Dirichlet boundary conditions on 0Q are described as follows:

6-n=f ondQy

2
u=0 onoQp @

6=Ce 3)

where f denotes surface traction and n denotes the unit normal
vector. After applying the finite element procedure, we obtain the
solution of the continuum structure. The following optimization
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problem is set up and solved
Minc=FTU
v

subject to V(§) < V 4)
K@U =F, ¥=d(y)
@: Shadow filter, ¥ = [y, 72, V3 - - - Vnetl

Here, the stiffness matrix, the displacement, and the force vectors
are denoted by K, U, and F, respectively. The filtered design vari-
able with the shadow density filter @ is ¥. The number of elements
is denoted by nel. The volume and the upper volume are denoted by
Vand V, respectively. Considering the linear strain, the equilibrium
equation is constructed as follows:

nel

KHU=F, KH =) k(7. )

e=1

With the gradient-based optimizer, the sensitivity values of the
objective and the constraint with respect to the eth element should
be computed as follows:

dc dcdy dcd®d(y) .. dc rdk,
—_—_—— = h—=— o
b dydy,dy d, U, gy, ©
AV dvdy dVdoy)
=X ™)

dy, dydy, 4y dy,

The above gradient information can be efficiently obtained with
any differentiable density filter. The optimization problem is solved
with a finite element strategy using a gradient-based optimizer with
sensitivity analysis. For the topology optimization, it is essential to
interpolate the material properties with respect to the continuous
density variable in the SIMP method to avoid the discrete 0—
1(void or solid) optimization problem. The material property in
the linear elasticity equation is interpolated as follows:

C =Cot" ®)

where the nominal constitute matrix is Cy, and the penalization
factor is n. This research adopts 3 for this value. Although the
above formulations are formulated for the compliance minimization
problem, they are capable of applying to other problems.

Heat Dissipation Problem With Forced Convection. In
addition to the compliance minimization problem, this study also
considers the topology optimization for heat dissipation structure
with forced convection. The multiphyiscs system with the
Navier—Stokes equation and the heat transfer equation are formu-
lated as follows:

p(v-V)v=V.Tr—av and -V-v=0inQ, ©
T, = —pl+ p(Vv + Vv
V. (kVT)=(pC,v) - VT in Q (10)

where the fluid velocity field and pressure of incompressible flow
are denoted by v and p, respectively. The analysis domain is
denoted by Q. In Eq. (9), there is a viscous force, av. The
dynamic viscosity and the fluid density are denoted by u and p,
respectively. The fluid symmetric stress Ty, i.e., the stress in the
deformed fluid configuration, is given as Eq. (9). The temperature
is denoted by 7. The thermal conductivity and the specific heat
capacity are denoted by k and C,, respectively. The heat dissipation
with forced convection is formulated in (10). With the appropriate
boundary condition, it is possible to consider the coupled system
(see Ref. [15] for more details). For topology optimization, the
material properties in Eqs. (9) and (10) are be interpolated with
respect to design variables (y) as Table 1.
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Table 1 Interpolated material properties of the heat dissipation
structure

Heat transfer

equation
Fluid equation
K G, p  Friction coefficient (@)
Solid domain (y=1) kg Cy Ps Omax (the maximum
friction coefficient)
Thermo/hydraulic domain kr  Cr(<<Cy) py 0

(r=0)

Without loss of generality, the SIMP approach is used to interpo-
late these variables as follows:

k(r) = (ks = ke)Y" + ke (1D
G =G -GN+ G (12)
PO = (pg —p X" + s (13)
a(Y) = Amax¥" (14

where the penalization factor is n. Note that although the problem is
one of multiphysics problems, the formulations in (6) and (7) are
still applicable.

Fluid-Structure Interaction Problem With Monolithic
Approach. In addition to the compliance minimization problem
and the heat dissipation structure design, a mechanism design con-
sidering the fluid—structure interaction with the shadow filter is con-
sidered. To achieve the topology optimization with fluid—structure
interaction, the monotonic approach in a unified analysis domain
is used.

During an optimization process, the fluid and structural domains
continuously change their shapes and topologies that cause the dif-
ferentiability issue in topology optimization. To resolve these com-
plications, the finite deformation tensor was introduced to formulate
the coupled multiphysics equations. This deformation tensor can be
used to correlate the differential operators and the integral operators
of the two undeformed/deformed configurations as well as the quan-
tities of the two configurations such as mass density, strain, and
volume as shown in (15)—(18)

x=X+u,
Ox . .
F= X x: the current coordinate, X:the undeformed coordinate
(15)
Differential operators:
Vx =F'V,, V,=FTvyg (16)
Integral operators:
j ()d9=j OllF|dQ 7
Q 0Q
‘Q=,Qu,Q Q= QU Q (18)

where the undeformed fluid domain (,nfOQ) and the undeformed solid

(m(S)Q) domain are defined inside °Q and the deformed fluid domain
(mf’Q) and the deformed solid domain (,‘Q) are defined inside ‘Q.

ms
By using the above finite deformation tensor, the Navier—Stokes
equation at the deformed domain ‘Q in the monolithic approach
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can be formulated in the undeformed domain °Q as follows:

- j VT {p(v - FTVxv)}||F||dQ
0Q

= j FTVxv T; | F|ldQ + J asv v ||F||dQ — j ppndl
Q 0Q OF
(19
—L Sp"{(Vx - W} F[dQ=0 (20
Q
Ty = —pl + u(V,v + V,v') (1)

Because the derivations and manipulations of the Navier—Stokes
equations are lengthy, the final form defined at the undeformed
domain “Q is provided by following the notations in
Refs. [17,35]. With the finite deformation tensor in (22), the
linear elasticity equation of the deformed domain is transformed into
one of the undeformed domain. As the external elastic energy due to
the fluid stress at the coupling boundary being is dependent on
structural displacements, the deformation tensor is also applied
after using the divergence theory for the right side of Eq. (22)

J 5ST-T5dQ=j, Y. FT5Su, su)' - p||F|dQ
(I_Q UQ

+ j V. FTsu- Vxp||F|ldQ (22)
0Q
1 for solid domain
¥= { 0 for fluid domain (23)
1
S= E(V,T(u + Vxu), T,=CS (24)
1
S(u, bw) =3 (Viu+ Viu), Vy=F vy (25)

where the linear strain S and the associate stress T, are defined as
above. The linear constitutive matrix is denoted by C. By solving
the coupled Egs. (19) and (20) for the fluid and (22) for the solid,
the steady-state fluid—structure interaction system can be analyzed
successfully. The mutual coupling analysis of fluid and structure
can be accomplished by interpolating Young’s modulus of elastic-
ity, the filter ¥ for fluid pressure, and the inverse permeability coef-
ficients in Table 2.

Young’s modulus of the fluid (Cp) is set to a much smaller value
than the value of C,. The following interpolation functions are used

ChH=v"(C;=Cp) + C (26)
W(y) =y @27)
a(y) = Qmax¥""™ (28)

Table 2 Interpolated material properties of the present
monolithic approach for the fluid—structure interaction problem

Linear elasticity equation
Fluid equation

Inverse permeability

Young’s modulus  Filter for fluid stress

©) ) (@)
Solid C, 1 a>>0
Fluid C<C, 0 0

Note: C, and Cyare Young’s moduli of the solid and fluid, respectively.
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The penalty factors of the fluid pressure filter and inverse perme-
ability are denoted by ngy., and n,., respectively. Note that
although the problem is one of the multiphysics problems, the for-
mulations in (6) and (7) are still applicable.

New Approach: Shadow Density and Cap Filters

Shadow Density Filter. We developed the shadow density filter
to impose manufacturability in TO and improve performance. As
discussed before, some approaches have been developed in Refs.
[1-3] to consider the manufacturing constraint. In Ref. [1], the
virtual scalar value problem is solved to enforce the manufacturing
constraint. In Ref. [2], the pseudo light approach was proposed for
the level-set approach. In Ref. [3], the design variables in two-
dimensional domain are reduced to a vector to consider the manu-
facturing constraint. The present approach considers this issue
without solving extra physics problem to impose the manufacturing
constraint and maintaining the design variables in topology optimi-
zation. In this approach, the shadow filter mimics shadows or
X-rays in a TO framework. Before explaining the shadow density
filter, the geometrical requirements for cast or injection processed
need to be discussed. In casting, molten materials are poured into
a mold and solidified into the shape of the mold [36,37]. Different
casting processes have been introduced based on how the mold is
made and how the metal is forced into the mold. Gravity is the
most common approach to fill the mold with melted materials,
but it is also viable to use centrifugal force or pressure injection.
In some cases, undercut geometries at the surfaces can result in
voids inside the product, as illustrated in Fig. 1. Note that the

Interior void

Product

present voids or “air pockets” in the injection molding manufactur-
ing process are actually regarded as defects that limit the manufac-
turing feasibility [36]. The parting direction or line in Fig. 1 should
also be considered in the design process. We should consider these
aspects during the engineering design, which are important issues in
structural optimization to consider during the optimization process.
The geometrical constraints are difficult to impose as they are for-
mulated locally [1,2,34,36,38].

A Shadow Density Filtering for One Material Design. For a
simple component or design, it relatively simple to identify,
modify, and manufacture some unwanted undercut or inter void
part. However, in a complex manifold design with nonempty,
smooth, a strongly pseudoconvex boundary, it is challenging to iden-
tify the features, modify them, and manufacture the part while satis-
fying the constraint without sacrificing performance. From an
optimization point of view, this is ironic because the structure is opti-
mized, but its performance would be sacrificed for manufacturing.
Therefore, a rigorous approach is required to impose these con-
straints. In Ref. [1], the virtual scalar value problem is solved to
enforce the manufacturing constraint. In Ref. [2], the pseudo light
approach was proposed for the level-set approach. In Ref. [3], the
design variables in two-dimensional domain are reduced to a
vector to consider the manufacturing constraint. Although the term
of the virtual light was used in their studies, they solved the scalar
problem (virtual heat flow) to implement the concept.

By inspired by the innovative researches in Refs. [1-3], we also
sought to realize the shadowing process in the density filtering
approach. Consider any opaque object absorbing light and

Upper mold

Parting direction

Parting line

Bottom mold

(@)

Product

/

Parting direction

Parting direction

Molds *- L

Parting line

(b)

Parting line (a dividing line between a cavity and a core plate of a mod), interior void, and undercut

Fig. 1
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producing a shadow (comparative darkness given by shelter from
direct light). There is a dark area called the shadow, where light
is blocked by an opaque object. The image of the cross section is
a two-dimensional silhouette or a projection of the opaque object
blocking the light. Shadow shapes vary depending on the type of
lights. The gradient or variation of the image can be obtained
depending on the absorption ratios. One interesting and important
aspect of this shadow phenomenon is that the formed shadow
changes depending on the viewing direction. The emitted light
can capture the outer boundary of the object in the projecting direc-
tion of the light. Our idea is to simulate this shadowing with
parallel propagating light or a point light source far from the
product in TO to consider the manufacturability. However, we do
not propose computationally solving the light path, as this increases
the computational time. Rather, we propose simulating the absorb-
ing process to produce a shadow image or the projection of objects.
A similar phenomenon can be found in X-ray imaging in an ortho-
pedic hospital. X-ray imaging is captured by emitting a beam of
high energy electrons passing through patient toward a sheet of pho-
tographic film. We proposed this concept as a density filter in TO.

The (i,j)th shadow filter operator

in the positive x-direction: v~ ()

X X
V, -2 i-1 @ i+l it+2 y -2 i-1 i i+l it+2

Jj-2 Yij-2 j-2 Vij-2
Jj-1 Vi1 Jj-1 Vi1
J Viaj| Vi | Vi | YVierg | Visa s Jj Vica| Vi | Vi) :7,”,, Y iv2.j
j+i Vijn jti Vi
J+2 Vi j+2 Vi

77i+1,j = Z(7i+1,j)xl(7i,j)
X(7: ;) =1-y, (Contrast decay function)
(a)

The (i,j)th shadow filter operator

in the negative x-direction:y; 7 (v)

X X
| -2 i1 1 i+l 2 y i-2 i-1 1 i+l it2

o2 Vi 2 Vi
Jj-1 Vi j-1 Vi
Jj Vi j| Viej | Vij | Visig | Visnj i 7,71,,/}7;? Yij | Vieny | Vicr
j+1 o 1 Vign
j+2 Vige j+2 Vi

Via, =X )xx(,)
X(7:;)=1-7, (Contrast decay function)
()

To use this shadowing technique in TO, we noticed that we can
regard the design variables defined at every element as opaque
objects. For example, if one design variable is 1 for one element,
the parallel light cannot penetrate. If the design variable is 0, then
the light can penetrate. The design variables were between zero
and one, and some absorption or the attenuation happens at the
element. After penetration of the light, the design variable of the
neighboring element determines the absorption ratio and the inten-
sity of the light, which also decreased further. If we repeat this
process, we can obtain a shadow image at the end of the object.
To the best of our knowledge, this direct application of the
shadow or a related concept has not been tried yet before this
research.

To simulate the shadowing, this research considers the linear
absorption relationship y between the design variable, which
varies from O to 1. In a two-dimensional domain, the light absorp-
tion at a single spatial point can be defined as follows:

Light absorption function:

X)) =1—7y,; (any decaying function possible) (29)

The (i,j)th shadow filter operator
in the positive y-direction:y,’; (7)

x X
y -2 i-1 1 i+l i+2 v, -2 -1 i

i+1 i+2
j_2 Vij-2 j-2 Vi -2
Jj-1 Vijm j-1 Vit
J Vi | Yieg | Yig | Visrg | Vi J Vicaj| Vi | Vig | Yisrg | Vieais
jti Vi jti ﬂ
jt2 Vi jt2 YVijs

77i,j+1 :Z(yi,jﬂ)xl(yi,j)

X(7,;)=1-y, ;(Contrast decay function)
(b)

The (i,j)th shadow filter operator
in the negative y-direction: ', ()

x, X,
y -2 i-1 1 i+l it2 y i-2 i-1 1 i+l it+2
j-2 Vij-2 j-2 Vij2
7
o & o &
j Vieaj | Vicog | Vig | Vierj | Vieasj J Vicaj| Vievg | Viij | Vierj | Visaj
1 Vo 1 Vi
j+2 Vise j+2 n

771',/'—1 = 1(7/1',]_1))()((7;,]')
X(7:;,)=1-y, ;(Contrast decay function)
(d)

Fig. 2 Elementary shadow operators in the four directions
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1
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! 0.6
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(c) (d)

Fig. 3 An example of the shadow filters from (39)-(42): (a) an original image, (b) the
shadows of the image, (c) the combination of the shadow images 7= ®(y), and (d) a
projected value of y using the s-shape sigmoid function reported in Refs. [21,22]
(7=1/(1 + exp(a(®(y) — b)), a=—-100, b = 0.5)
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4]

10
15
20
25
30
5 10 15 20 25 30 5 10 15 20 25
Positive X and Negative Y ative X and Negative Y
5 5
10 10 |
15 15
20 20
25 25
30 30

5 10 15 20 25 30 5 10 15 20 25

Fig. 4 Some combinations of the shadow filters of the structure in Fig. 3(a)

where the (i,/)th design variable is denoted by y;; and the decaying Light absorption:
function is denoted by y. When y; ; is one, y(y;;) becomes zero and if

7:, 18 zero, y(y;;) becomes one. Then, we can consider the light in the ) = 7;;in all elements except (i, j — 1) element
positive x direction, in the negative x direction, in the positive y i = Vij—ifor (i, j— 1) elements 7,;_; = x(v;j—1) X x(7;;)
direction and in the negative y direction. We can define the follow- (33)
ing unit operators simulating the decrease in the light intensity.

Light absorption: Here, the light absorption ratio at the (i,j)th cell is denoted by

. , . 1//,(3) , where o indicates the direction of the light. At the boundary,
" 7;:in all elements except (i + 1, j) element S . .
v =1- %’ 11 0) el 7. = the light absorption coefficients are defined as follows.
Vi1 for (i + 1, ) elements 7,y ; = x(viq1 ) X x(vi) Light absorption:
(30)

. - oy — | Vi in all elements except (1, j) element 34
Light absorption: 1,00 { 71, =20) (34)
=1 7i;in 2.111 ele@ents excep~t (i-1,)) element Light absorption:

W iy for (i =1, ) elements 7,y ; = x(vi_y ;) X x(¥;;)

(31) - ) = { 7;;in all elem;ntsAeic):(e([;t (ne.‘ix, j) element (35)
Light absorption: nebel .
. . Light absorption:

) = 7,;in all elements except (i, j + 1) element

vig Y Vijifor (G, j+ 1) elements 7, =x(v;j1) X x(7iy) . y;:in all elements except (i, 1) element
wiin=1" 5 (36)
(32) ’ Vil =)((7’i,1)
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Fig. 5 A second example of the shadow filters from (39)—(42): (a) an original image,
(b) the shadows of the image, (c) the combination of the shadow images 7= ®(y), and
(d) a projected value of ¥ using the s-shape sigmoid function reported in Refs. [21,22]
(7 =1/(1 + exp(a(®(y) — b)), a=—100, b = 0.5)
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Light absorption:

7;;in all elements except (i, nely) element

N 37
yi,nely =)((7/i,nely) ( )

Wi ety (0) = {

Then, we can define the combinations of the above coefficients
repeatedly to construct the shadow images, which are used to deter-
mine the physical density in the finite element simulation

Y?—(‘Y) = nelx z( n:[x 1,i l//nelx 2, J(W:elx 3 i llf;:t( 1-;(7))))))
Y,_(Y) = Wn;lx ,(l//){: (l/f;_l(w)é_z( o n;lx—l i(Wn;lx,i(Y))))))
E'+ (Y) l//j nely (l//x nely—1 (WX nely—Z(l//X nely— : l/f;:; (l//j(j (Y))))))

) =y Wy, .(w*ne,y(v»»))

(38)
X-positive light:
Y= =10 -YT A=Y -1 =Y, (] (39
X-negative light:

Y=0"(=[A-Y(mA -, A=Y, (] (40)
Y-positive light:
T=2"( =10 -Ef @)U -E5{¥)--- A -E,(»] D)
Y-negative light
=07 =[1-EMU-E)---1-E,oN 42

We can also combine the above operators for an engineering
point of view. For instance, the following expresses the

QY Solid = \

combination of the filters (Fig. 2)

7= Q) = O S ”(1)
= [(1 = YT = YF@) -+ (1 = Yy ()]
X[ =Y =Y50)--(1 - ;ely(Y))] 43)
X [(1 = Ef )1 —EL () -+ (1 =&, ()]
X [(1 = E7 (1 = Z500) - (1 = Epyy ()]

To illustrate the defined operators, Figs. 3 and 4 show two illus-
trative structures and their shadows made by the described filters. A
dimple is inserted in Fig. 3(a) at the left side of the structure, which
can be regarded as an undercut. Figure 3(b) illustrates the shadow
images of the four filters, and their combination is shown in
Fig. 3(c). It is also possible to witness some strong blur marks at
the shadow image at the left of Fig. 3(c) due to the light attenuation.
To make the image clear, it is possible to introduce the s-shaped
function on the right of Fig. 3(c) [21,22]. Figure 4 shows the com-
bination applications of the shadow filters. This example shows that
it is possible to combine the shadow filter in each direction. Figure 5
shows another example with a void. As stated before, the applica-
tion of the shadow filter can capture the outline of the structure.
The present shadow filter may be extended to the overhang filters
in topology optimization. Rather than observing adjacent and diag-
onally adjacent element, this shadow filter can be interpreted as
imposing the max operator to impose the manufacturing constraint.
By limiting the considered elements, this approach may be extended
to consider the overhang constraints in topology optimization.

The Inclined Shadow Filter. The above shadow density filter is
defined along the parallel x- or y-directions. By changing the direc-
tion of the virtual light, it is possible to define the inclined molding
direction. To achieve this, this research proposes to rotate the image
of the design variables and apply the above shadow operators. To

campus

%% anmpus / \

10F

 Mapping =

0 s 10 15 25 30\

Original image \Solid

Crop & Rotating
(-45 degrees)

4=

Embedding

-_—

l Rotating
(45 degrees)

Shadow filter -«

(Positive x direction)

Fig. 6 The concept of the inclined shadow filter using the linear mapping (The original image is embedded in a larger domain
(Campus) and it is rotated considering the direction of the virtual light. The image applied with the shadow filter is cropped

and rotated to obtain the shadowed image.)
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(b)

Fig.7 Problem definition and an optimal design using the SIMP
approach (L=2m, H=1m, F=1N, E=1N/m? v=0.3, c=
0.4517 J, 50% mass constraint)
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Fig. 8 An optimization result with the shadow filter (y!; ()
(one-way casting)
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rotate and interpolate the images, we use the linear mapping func-
tion implemented in MATLAB (imrotate.m), which allows the differ-
entiable rotating operators. Figure 6 shows an example of the
concept of the inclined shadow filter with the 45 deg virtual light.

Sensitivity Analysis of the Shadow Filter. The objective func-
tion and the sensitivity value considering any type of density filter
can be formulated analytically for the compliance minimization
problem. In the shadow density filters developed in (39)—(42),
each element filter can be treated by one density filter. For
example, let us consider the objective gradient with a shadow
filter ¥ = ®**(y); in that case, the gradient of the objective function
should be computed as follows:

de _de dy _ dcd®™(y)
dy, dydy, dy dy,

[dYf |
S dlny) A= YF)- - (1= Yo, () |+
r dY} |
_ % (1= Yi- #ﬁ”) =X [+ )@

dY; b
_ nely (Y) ) +
dy

(1 =YF I =Y3() - (

e -

Virtual light

L4044 8ddidd

i (1)

yJﬁx l Parting direction
3000008038

Objective value

' i
[ -

0 20 40 60 80 100 120 140 160
Iteration

(@

Fig. 9 An optimization results with the shadow filter (y;; (1))
(one-way casting)
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The differentiations of Y;(y) should be obtained by considering
Eq. (38). The directional properties of the shadow can be used to
reduce the computation time. In other words, the perturbations of
the design domain influenced the filtered design variables in the
direction of the shadow only.

An Extension of the Shadow Density Filtering for
Multiple Material Design. The application of the shadow
density filter can be extended for multiple materials. As an
example, we can consider a structural design with two materials,
and we can assume the molding condition for only one material.
In that case, we reformulated the optimization problem (4)

Journal of Mechanical Design
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Fig. 11 Two parts with different parting directions: (a) the
problem definition, (b) an optimal design, (c) two parts, and
(d) an optimization history

as follows:
i e =K
subject to
Vi(h) <V, (45)
V() = Vs

K([¥. .DU=F, ¥,
®:Shadow filter

=d(y1))

=71(1-y)k! +y5(1-¥Dk? (46)
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Fig. 12 Two parts with different parting directions: (a) the
problem definition, (b) an optimal design, (c) two parts, and (d)
an optimization history

Here, the upper limits of the first and the second materials are V
and V,, respectively. The finite elements with the first Young’s
modulus and the second Young’s modulus are denoted by k! and
kg, respectively. The two variables are assigned to one finite
element, and only the first parameter is filtered by the shadow
density filter. With this extension, it is possible to design a
molding structure with two materials, and the shadow density
filter is imposed only for one material.

Shadow Cap Filter—A Heuristic Filtering Scheme. As dis-
cussed before, the shadow density filter in Sec. 3.1 can be regarded

061703-12 / Vol. 143, JUNE 2021

as a new density filter. However, the variables filtered by this
shadow filter can be heuristically reused during an optimization
process. In other words, the design variables are re-set by the vari-
ables filtered in this filter. Although it is a heuristic filter from a
mathematical point of view, it can be easily used in the framework
of an existing optimization framework to impose manufacturability
by just replacing the design variables with the filtered ones.

Optimization Results

To illustrate the characteristics of the present shadow filter,
several examples are solved, and the optimization results obtained
without considering the manufacturing feature are compared. The
first example is a rectangular box design, which was solved in
some relevant studies to demonstrate that the molding constraint
is achieved. In addition, the application of multiple materials
is presented with the first example. The second example is also a
rectangular box with a simple clamped boundary condition and is
used to demonstrate the application of the shadow filters in a two-
dimensional problem. The heuristic design variable update
scheme was also tested in the second example. Note that the consis-
tent sensitivity analysis in (6) and (7) has been used for all the exam-
ples except the example in Sec. 3.3. The example in Sec. 3.3 is to
demonstrate that the present filter also can be used as the postpro-
cessing filter during or after the optimization. Both examples
assume a thickness of 1 and some idealized design domains. The
boundary conditions were applied to illustrate the characteristics
of the present filters. The heat dissipation structure design and the
mechanism design with fluid—structure interaction are also consid-
ered to see the effect of the manufacturing constraint in topology
optimization. A three-dimensional problem is considered in the
third example. Like the two-dimensional examples, the manufactur-
ing constraints were imposed successfully. All the codes were
implemented in the MATLAB with the method of moving asymptotes
optimizer. The maximum optimization iteration is set to 500 with
the relative objective convergence is set to 0.001. The a parameter
of the sigmoid function is set —10 and increased two times every 50
iterations up to —100 and b is set to 0.5 for all the present examples.
Note that the optimization results are the plots with the filtered
physical density values. All the examples show that the manufactur-
ing constraints can be imposed successfully depending on the com-
binations of the filters. Note that we do not insert a constraint in the
present shadow filter, rather the linear filter that mimics the shadow-
ing is inserted as a density filter. Some numerical approaches of our
previous studies using the wavelet-based topology optimization and
the s-shape function approach with some variations are applied to
enhance the optimization convergence [21,22].

Example 1: Two-Dimensional Compliance Minimization
Problem. In the first numerical example, we considered the com-
pliance minimization problem in Fig. 7. This two-dimensional
problem with the center point load was researched to study the man-
ufacturing constraints in topology optimization. The design domain
was discretized into 120 x 60 elements, and a 50% mass limit. Using
the compliance minimization problem with the density-based
approach, we can easily obtain the design in Fig. 7(b), which is opti-
mized by the SIMP (the penalization of SIMP=3) with c=
0.4517 J. Note that it is impossible to manufacture this part using
molding in the x- and y-directions. Then, the shadow filters in the
y-positive direction in Fig. 8, the y-negative direction in Fig. 9,
the y-positive and negative directions simultaneously in Fig. 10
and the shadow filters with the parting line at the center with the
opposite directions in Figs. 11 and 12. The M-shape design can
be obtained with the light in the y positive direction from the
bottom line in Fig. 8. The filter 1// *(y) prohibits internal holes
inside the structure. Based on our understandmg, this design is fit
to the casting manufacturing technique where holes or voids
inside the products must be aligned along a single direction (here,
the positive direction). Because of the imposed condition with the
filter 1//;‘.;'(7), the compliance or the inverse of the stiffness of the
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Fig. 13 Effect of the parting line: (a) c=0.6973 J, (b) c =0.6687 J, (c) c =0.6687 J, (d) c =0.6546 J, () c=0.6466 J, (f) c =
0.6607 J, (g) ¢ =0.7040 J, (h) c =0.7440 J, (i) c=0.7606 J, and (j) c=0.7802 J
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Fig. 14 The optimal layouts with the oblique shadow filter with
the half design domain: (a) c=1.2516J, (b) c=1.2210J, and
(c) c=1.0708 J
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Virtual light (20°)

structure increases in this example from ¢=0.4517J to c¢=
1.1949 J. Some oscillations of the objective function are observed
as shown in Fig. 8 especially at the beginning of the optimization
process due to the effect of the shadow filter. After some optimiza-
tion iterations, the stable optimization iterations are observed.

Journal of Mechanical Design

Fig. 15 The optimal layouts with the oblique shadow filter
with the whole design domain: (a) c=2.1411 J, (b) c=1.8429 J,
(c) c=1.5341J, and (d) c=1.6069 J

Figure 9 shows an optimal design with the light from the top
surface toward the y-negative direction, similar to Fig. 8. The design
manufactured by the metal flow toward the y-negative direction
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Fig. 16 Two material design (a) with ¥, = W,Y,;'(ﬁ) and (b) with
=y’ 7 (11) (gray indicates the first design variables filtered by
the shadow filter and black indicates the second design
variables)

(wﬁ;(y)) can be obtained without any internal holes. Again, the
compliance changed from ¢=0.4517J to ¢=0.8984 J. Figure 10
shows an optimal layout using the two filters (1//-};(7) and 1//{?(*{))
simultaneously. Comparing some designs, this design can be
regarded as the optimized layout obtained by considering the
y-positive and y-negative mold casting. Note that the design in
Fig. 10 is made by flowing the melting metal or plastic from the
top surface toward the bottom surface and from the bottom surface
toward the top surface. In the manufacturing process, it is also pos-
sible to manufacture two parts with the opposite flowing directions
and join them. It is possible to limit the light and the shadow, as
shown in Figs. 11 and 12, to understand this manufacturing process.
Figure 13 shows the effect of the parting line. As discussed in Refs.
[1,2], the parting line affects the optimal designs and it shows that
there will be some optimal parting lines for this problem. This
example illustrates that the developed shadow filter can consider
this situation. As the consistent sensitivity analysis in (6) and (7)
is used, the volume constraint is satisfied for all the examples.

The Oblique Shadow Filter Design. Depending on the engi-
neering problem, it is often necessary to use the inclined molding
part. To test this feature developed in Fig. 6, the problem is resolved

061703-14 / Vol. 143, JUNE 2021
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Fig. 17 The optimal design with the shadow filters with a 20%
mass constraint with a refined mesh (50 by 50, force=0.1 N, E
=1N/m2, v=0.3, L=H=1m): (a) problem definition, (b) an
optimal layout with SIMP (c=0.4994J), and (c) a reference
straight design (c =5.1567 J)
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Fig. 18 The optimal designs with the shadow filters: (a) c=
3.3248 J, (b) c =5.8360 J, and (c) ¢ =5.7004 J
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by changing the light direction. Note that due to the symmetry of the
problem, the half finite element model is solved first in Fig. 14; it is
assumed that the left part and the right part are molded and jointed
(See Fig. 14(a)). By changing the angle to 10, 20, and 40 deg, the
present shadow filter successfully provides the optimal layouts.
As only the half of the design domain is optimized, internal holes
can appear. Therefore, the whole domain is reoptimized with the
oblique shadow filter in Fig. 15. As shown, the present shadow
filter can impose the manufacturing constraint successfully.

Application for Two Material Design. As formulated, the
present shadow filter can also be applied for multi-material
design. It is possible to apply the shadow density filter indepen-
dently. To illustrate this feature, we resolved the above optimization
problem with the two materials (E,/E; =2). The shadow filter is
only applied for the first material with E,. The penalization of the
SIMP is set to 3 for this example. To avoid the checkerboard,
the sensitivity filter was applied for the second design variable.
The upper bounds of the masses are set to 15%. Figure 16(a)
shows the optimal design with ¥, =1//{;’(yl), and it appears that
the second material connects the boundary condition and the
loading point. The second part rendered in a gray color can be man-
ufactured by molding. Figure 16(b) shows an optimal layout with
7 =x/f};(yl). Because of the imposed manufacturing constraint,
the second material appears at the bottom part, and the first material
connects the molding parts. The compliances of these designs are
similar to each other.

Example 2: Two-Dimensional Rectangular Box Problem. In
the next example, the rectangular box problem in Fig. 17 is consid-
ered with the application of the shadow filter. We can easily obtain
the optimal structure in the compliance minimization problem with
the density-based approach, as shown in Fig. 17(b). As shown, they
are optimal in terms of the objective function, but there are some
limitations in manufacturing when using molding or casting manu-
facturing techniques. Note that, apart from the performance of a
structure, the manufacturing constraints or the geometric constraints
are important, and some modifications are necessary. To test this
feature, we compared the compliances of a straight design (20%
mass constraint) in Fig. 17(c). Based on the compliances of
Figs. 17(b) and 17(c), the topology optimization can determine a
ten times better design.

21 22
c=5.25021] c=5.3904 ]
27
23
c=11.2060J c=15.99371]

Figure 18 shows several design examples with shadow filters.
The results show that the manufacturing constraints were success-
fully imposed. When light is emitted downward, the parting direc-
tion on the upper side can be realized for the optimal layout of
Fig. 18(a). Compared with the designs in Figs. 17(b) and 17(c),
Fig. 18(a) shows the optimal layout, which is similar to the
optimal layout with the shape optimization or the level-set
approach. In terms of the objective function, the design in
Fig. 17(b) obviously outperforms the design from the shadow
filter and the shape optimization. But, some modifications are inev-
itable due to manufacturing constraints, which hurt the perfor-
mance. The reverse parting direction is imposed in Fig. 18(b) by
changing the direction of the light. To draw the parting direction
at the center of the design domain, we consider the two light
sources in Fig. 18(c) and the parting line at the center. The
optimal layout in Fig. 18(c) can be regarded as an assembled struc-
ture of the upper and the bottom structures. Higher compliances can
be obtained compared with the compliance in Fig. 17. Figure 19
shows some optimal layouts with different vertical locations of
the parting lines with the conditions of Fig. 18(c). With the
parting lines offset from the center, the optimal distributions exist
only at the bottom domain or the upper domain except in the vertical
line structures. Dramatic changes in optimal layout were observed
for the parting lines between 22 and 27 of the vertical location.
By imposing the manufacturing constraint, the local optimum issue
becomes serious. Some nonoptimal features appear in Fig. 19.
In addition, the initial design variable becomes important. In this
example, the evenly distribution of the design variable is used.

Figure 20 shows the optimal designs with the heuristic shadow
filters, which replace the design variables with the filtered design
variables at every iteration. This approach is a heuristic approach,
but we can obtain some optimized layouts.

Example 4: Conjugate Heat Transfer Problem. For the next
example, the topology optimization for the conjugate heat transfer
problem is carried out with the shadow filter. The objective function
is to maximize the heat dissipation through the forced convection
considering the manufacturing constraint. For this multiphysics
problem, the coupled simulation of Navier—Stokes equation and
heat transfer equation is conducted (see Sec. 2 and Ref. [15] for
more details). While solving this topology optimization problem,
the multiple local optima issue in Fig. 21 is observed; it is possible
to obtain an identical shadow image with different design variables

23 24
27 ' 26
v v
c="7.53061] c=7.5306]
28 29
2] | 21i
c=5.11721] c=4.9265]

Fig. 19 Effect of the parting line
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Fig. 20 Designs with the heuristic shadow filters: (a) c=
2.5161 J, (b) c=3.1191 J, and (c) ¢ =6.5352 J

and it causes the convergence difficulty in this multiphsyics topol-
ogy optimization. Thus, we resolve this issue by adding the sum of
the design variables to the thermal compliance as (47)

Min[ T X qipdl’ — Hj ydv 0: scaling factor
in Q

Subject to V(§) < V

where design domain is denoted by Q; and the volume limit is
denoted by V. The scaling factor is §. The mass constraint is set
to 30% of the design domain. The optimum design without the geo-
metric constraint (119.09 WK) is shown in Fig. 22(b). With the
shadow filters, the optimum designs in Figs. 22(c)-22(g) can be
obtained. By considering the manufacturing constraint, the objec-
tive values are increased slightly but it is successful to apply the
manufacturing constraint for this multiphysics problem. The detail
procedure of the shadow density filter for Fig. 22(g) is presented
in Fig. 23.

Example 5: Fluid-Structure Interaction Problem. For the
next example, the syntheses of the compliant mechanism layouts
maximizing the output displacement at the location of the spring
in Fig. 24 are considered using the shadow filter. The analysis
domain consists of the three domains: the left fluid domain, the
middle nondesign domain fixed as a flexible solid domain, and
the right design domain. At the middle of the right most side, the
pressure input condition is applied. Due to the middle nondesign
domain, the direction of the input fluid flow is subject to be
changed inside the left fluid domain. Consequently the middle non-
design domain would deflect toward the right direction due to the
change of the momentum of the input fluid and the transmitted
fluid force. Figure 24(b) shows the optimum design without the
shadow filter. It is worthy to note that this design can be manufac-
turable in the horizontal direction. Therefore, this example can be
tested to check the effect of the filter to the optimization condition
and the local optima issue. To control the direction of the molding,

=1

Shadowed image
/

Design 1

gp13ap388180

Design 2

Fig. 21 An illustration of multiple local optima issue with the
shadow density filter
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Fig. 22 The heat dissipation structure designs using the forced
convection: (a) the problem definition (fluid: pyater = 1000 kg/m

Twater=1.308x 1073 Pa S, Kair=0.6 W/m - K, Cater =4184 J/kg - K,
solid:ps = 8920 kg/m3, C,=3.45x10° J/kg-K, ks=401 W/m-K,
m;, = 0.0025 kg/s, T,,, =293 K, q;,=100 W/m2) [15] and (b) the
optimum design without the shadow filter (thermal compliance =
119.09 WK), (c—f) the optimum designs with the shadow filters.

30°

Filtered design variable

Transactions of the ASME

€202 J9quianoN 0z uo Jesn Aysienun Bueluey Aq ypd-€02190™ 9 €¥L PW/Z299659/€0. L 90/9/€ | /Apd-ajonie/ubisaplesiueyoauw/Bio swse uoyos|joojenbipswse//:dpy wol papeojumoq



the shadow density filter is applied for the results in Fig. 25.
2 20 By changing the direction of the virtual light, it is possible to
0 impose the molding constraint successfully. Due to the vertical

40 4
10 50 60 . : .
gg[:] *so - »ao structure, the pressure from the fluid part is not changed signifi-

20 40 60 80 100120 409 100 cantly. The purpose of this example is to show that the present
Design variable 120 120 shadow filter can be applied for this type of multiphysics system.
20 60 100 20 60 100 By imposing the manufacturing constraint, the optimal structures

Rotate -20° and embed Shadow maximizing the displacement at the working point can be obtained.

9 (9) The designs in in Fig. 25 are similar to the optimum layout of

Fig. 24(b) with a lower objective value that implies that the
present density filter at least can provide a similar local optimum
maintaining the manufacturability

20
40
| womue]
30 30 80 Q (48)

20 40 60 80 100120 20 40 60 80 100120 g . . _
S-shape function Crop 120 Subject to V(§) < V
20 60 100
Rotate 201 Example 6: Three-Dimensional Design Example. For the next
example, the three-dimensional cantilever beam problem with a
Fig. 23 The shadowing process for the result in Fig. 22(g) uniform load in Fig. 26 is considered with the application of the
shadow density filter. The standard X-shaped beam appears
Non-design domain Non-design domain
0.0Im 0.01m 000
& |
3
= i
S
P =P Fluid Design domain [\ f\d P =P Fluid Design domain 3
=]
0.005 m 0.010 m k, 0.005 m 0.010 m
0.0Im ) 0.0l m )

0.001 m 0.001 m

(a) (b)

Fig. 24 (a) Problem definition of the compliant mechanisms and (b) an optimal layout without the shadow filter (o = 1000 kg/m?,
4 =1.002 mkg/ms, C, = 0.1 MPa, v=0.3, V*: 30%, amax= 102, pj, =0.01 N/m?, k; =100 N/m)

Q <: 45
f & .45
o < < P
. - A
& , &
& &= Q%
< & AN
& = %%
&~ & AN

Y Filtered design Y Filtered design Y Filtered design

(@ (b) ()

Fig. 25 Optimal designs with the shadow filter: (a) an optimum design with the horizontal virtual light (displacement =7.2073 x
107 m), (b) an optimum design with the virtual light (10 deg) (displacement =5.885x 10~ m), and (c) an optimum design with the
virtual light (45 deg) (displacement=5.3083x10~" m)
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Fig. 30 Optimum design with y7;,(v)

around the center, which makes it hard to manufacture using the
casting manufacturing process. First, Fig. 27 shows the optimal
layout with the w7, (y) filter (note that now the filter is defined in
three-dimensional space) or the light from the left side surface
toward the right-side surface. The optimal shape manufacturable
with the molding or the casting can be obtained here due to the
imposed manufacturing condition. Figures 28 and 29 also show
the optimal layouts with the different conditions. Figure 30 shows
an optimal topology with y/i;k(y). We found that all examples
satisfy the manufacturing constraint using the shadow density
filter. This example shows that the present shadow filter can be effi-
ciently applied in three-dimensional problems too. As the shadow
filter is composed with the multiplications of scalars, the computa-
tional effort can be neglected in comparison with the effort of the
finite element simulation. For the three-dimensional problem, the
time of the application of the shadow filter takes 0.0019 s when
one finite element simulation takes 10.3928 s.

Journal of Mechanical Design

Conclusions

This research develops a new type of filter referred to as the
shadow density filter, which mimics X-rays or shadows to directly
impose some manufacturing constraints in the topology optimiza-
tion problem. Manufacturing constraints are important in real appli-
cations but often have been neglected in the solutions of topology
optimization. Recent interest in imposing the manufacturing con-
straints in topology optimization has increased. There are two
common approaches for realizing this: adding some manufacturing
constraints or density filtering. The present shadow density filter
also achieves this purpose using a density filtering approach for
manufacturing. Compared with approaches that solve temperature
equations or light equations to impose the manufacturing con-
straints [1,2], the present approach considers the manufacturability
issue without solving extra physics problem.

The implemented shadow filters have some design variables in a
domain and they are shadowed in various directions due to the

JUNE 2021, Vol. 143 / 061703-19
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combinations of lights. Then, the shadows of the design variables
were projected by the s-shape function. The developed shadow
filter is a combination of many local linear multiplications of the
design variables. This is one of the benefits of this approach, and
it shows some new features compared with the other approaches.
To prove the validity of the method, several topology optimization
problems (compliance minimization problem, heat dissipation
structure design problem and mechanism design problem consider-
ing fluid—structure interaction) were solved. The designs obtained
with the shadow filter suggest that the present approach enables
us to efficiently obtain optimal layouts ready for manufacturing
but only by sacrificing the performance. In addition, the present
shadow filter can be applied for multiple materials. We expect
that the present shadow filter can be applied for 3D printing manu-
facturing schemes. Moreover, the extension of manufacturing con-
straints for irregular meshes or shell elements should be conducted.
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