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Abstract

This paper presents a hierarchical spline based isogeometric topology optimization using moving morphable components
(HITO-MMC). In this work, the adaptive isogeometric analysis implemented by hierarchical B-spline is adopted to efficiently
and accurately assess the structural performance. An ersatz material model is derived from the Gaussian points of the hierarchy
computational mesh to relate the geometric design variables with the objective and constraint of TO. To determine the iterative
steps performing local refinement and the elements to be locally refined, a mark strategy is put forward based on the relative
error of objective function and the value of topological description function (TDF). The mathematic model of HITO-MMC
is reformulated by mapping the global displacement vector into the local displacement vector of the active elements on each
level of the hierarchy computational mesh. The proposed HITO-MMC approach has twofold merits: (a) the optimization can
be started from a relative coarse computational mesh and the mesh is locally refined during the course of TO, which result into
a highly computational efficiency; (b) more accurate results are obtained due to the use of high continuous hierarchical basis
functions and denser mesh on structural boundary. Besides, continuous refinement is more effective to generate the optimal
design than fixed NURBS mesh, and hierarchical local refinement is superior to continuous global refinement. The effectiveness
of the proposed HITO-MMC is validated by a series of 2D and 3D numerical benchmarks.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Since the pioneering work of Bendsge and Kikuchi [1], topology optimization (TO) has been fully developed
over past three decades, and a series of TO methods have been proposed, e.g., solid isotropic material with
penalization (SIMP) model [2], evolutionary approach [3], level set method [4—7], moving morphable components
or voids (MMCs or MMVs) approach [8—11]. Due to its effectiveness in obtaining the optimal structure under
some certain constraints within a specified design domain, TO has been successfully applied to a variety of
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engineering problems [12—17]. By integrating with Giga-voxel computational morphogenesis, the structure of a full-
scale aeroplane wing is optimized by SIMP method elaborated in Nature [18]. The thermal conduction performance
of a conductive heat transfer is improved by TO in [19]. To ensure the optimized structure by TO complying with
the geometrical restrictions of additive manufacturing (AM), 3D structures which are fully self-supporting optimized
designs are shown in [20].

Traditional finite element analysis (FEA) is used to obtain the unknown physical field during the optimization
process of all aforementioned TO methods, which leads to numerical instabilities and checkerboard pattern [21]
as well as the disconnection between analysis and geometric models [22]. These limitations can be successfully
resolved by isogeometric analysis (IGA) firstly proposed by Hughes et al. in 2005 [23], which takes an exact
geometric model in the analysis. Compared to traditional FEA, IGA has a higher continuity as well as a higher
computational efficiency for high order elements. Therefore, IGA has been introduced into TO by scientific
researchers in the last decade [24-26]. The high-continuous spline of IGA can circumvent the checkerboards
appeared in TO without additional filters [27-29]. By integrating IGA with parameterized level set method, Wang
et al. [30] proposed an more accurate and efficient isogeometric topology optimization (ITO) and then to satisfy
some geometric restrictions, an arbitrary geometric constraint is added into such ITO models in [31]. Besides, an
ITO scheme is constructed for the design of lattice materials based on the theory of asymptotic homogenization [32].

Due to the use of density or level set representation of the structure, the number of design variables is of the
same order as the finite elements and there is no explicit structural boundary representation in the above mentioned
ITO schemes. The drawbacks of huge design variables and lacking explicit geometric structural representation in
these ITO schemes, can be addressed by the MMC-based TO [33]. By integrating the merits of IGA and MMC-
based TO, an ITO-MMC scheme is proposed by Xie et al. [34] based on R-functions. The computational domain
is discretized into relatively fine NURBS mesh to carry out the calculation of IGA in ITO-MMC, which brought
heavy computational burden. According to the result shown in [35-37] where adaptive mesh refinement strategy
is used, compared to global refinement, the local refinement of FEA can reduce the computational scale of FEA
without weakening the structural performance of the optimal result, which results in the reduction of the number
of degree of freedoms (DOFs). Similarly, the computational burden of the ITO-MMC method for optimizing TO
problems can be decreased by discretizing the design domain with a relatively coarse mesh and performing the
local refinement during the process of TO for the computational NURBS mesh.

In IGA, a fundamental topic is adaptivity, since the tensor product structure underlying the shape function of IGA
(B-splines or NURBS) precludes local refinement and forces a global refinement. To overcome the aforementioned
restriction, a series of local refinement techniques of IGA are emerging, e.g., T-Splines [38—40], LR-Splines [41],
hierarchical B-Splines [42—45], hierarchical box splines [46]. Hierarchical B-Splines are constructed from the basis
functions of nested approximation spaces with different hierarchical levels. Due to the linear independence of the
basis and the rigorous proof of the linear independence, hierarchical B-spline is one of the most promising ways
to equip IGA with local refinement [47]. The fundamental properties such as linear independence and partition of
unity are assured by the theoretical properties of the spline space, and the hierarchical spline spaces have been
integrated into isogeometric setting by Vuong et al. [43]. Then, Bornemann et al. proposed a subdivision projection
technique and introduced it into relating the hierarchical B-splines on different levels [48]. Moreover, truncated
hierarchical B-splines is an improved hierarchical B-splines where the partition-of-unity property is recovered and
the interactions between basis functions on different hierarchical levels are alleviated [49-51].

In this paper, we take advantage of both MMC-based TO and the local refinement of IGA implemented by
hierarchical B-splines, and firstly propose a framework of IGA with hierarchical spline based topology optimization
using MMC (HITO-MMC). To locate the refined region of computational domain and determine the iterative steps
performing the hierarchical local refinement along with the process of optimization, a geometrical mark strategy
is presented, where the elements close to the boundary of the optimized structure are marked and chosen to be
refined similar to those techniques used in [35,52-54], and the hierarchical local refinement will be triggered if
the relative error of the value of the objective function is smaller than an upper limit. Different from the ersatz
material model based on elemental nodes in [33], a new ersatz material model based on Gaussian quadrature points
is introduced to conduct the sensitivity analysis of the non-uniform grid structure of the hierarchical mesh which has
hanging elemental nodes. Besides, the sensitivity analysis based on IGA using hierarchical splines is constructed
by exploiting the subdivision projection technique [48] and calculated level by level as a hierarchical structure.

The layout of this paper is described as follows. Section 2 presents the general construction of B-splines and
adaptively refined hierarchical spline spaces. Afterwards, the MMC-based optimization model is reviewed, then the
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Fig. 1. Quadratic B-spline basis functions with interpolatory ends for an open knot vector = = {0,0,0,2,4, 4,6, 6,6} are presented and
the continuity of Bs» is €0 observed from the curves since the multiplicity is 2 for the fifth knot of =.

model of HITO-MMC is proposed and elaborated in detail in Section 3. The numerical implementation of HITO-
MMC is described in Section 4. Benchmark examples which verify the effectiveness of the established HITO-MMC
are given in Section 5. Finally, the conclusions are drawn in Section 6.

2. Hierarchical refinement based on B-spline subdivision

In this section, we firstly review some basic definition of B-splines and NURBS, which are the key ingredients
for IGA. Then, the technique aspects of the hierarchical local refinement for B-splines and NURBS are particularly
emphasized. A comprehensive review can be obtained in [23,42,43,55,56], where a state of art of IGA and the
hierarchical local refinement of IGA are provided for readers.

2.1. Definition of B-splines and NURBS basis function

The B-spline basis functions of degree p are formed from a sequence of non-decreasing knots referred to as a
knot vector & = {E 1o &2, ooy Engpti } which are commonly used to generate and represent the curves and surfaces
in the system of computer aided design (CAD) and computer graphics (CG) [57]. With the definition of B-spline
basis functions of degree p = 0 presented in Eq. (1), the B-spline basis functions of degree p (p > 0) are then
constructed by the Cox—de Boor formula [58] formulated as Eq. (2).

)L if & <8 <&ipn
Bio= {0, otherwise s M
B, ,(§) = %Bf,p_l@) + iﬁ—l_;i&“,p_ms). )

The partition of unity Y -, B; ,(§) = 1 is one of the properties of B-spline basis functions. Besides, the
smoothness of B-spline basis function is C”~* at the location where a knot is repeated k times, and k is the
multiplicity of the knot in =. The basis interpolatory will be guaranteed if = is an open knot vector where the
end knots have the multiplicity of p + 1. An example for the B-spline basis functions of an open knot vector
£ =1{0,0,0,2,4,4,6,6, 6} is presented in Fig. 1.

On the basis of univariate B-splines, a univariate NURBS is formed from a projective transformation of a
corresponding B-spline in R? as:

__wiBi,&)

Z_’;:l w;Bj ()’

where B; ,(§) is the ith polynomial B-spline basis function and w; is the corresponding weight.
The extensions of the univariate B-splines and NURBS to the multivariate case can be easily implemented by the

tensor product. The multivariate basis functions B; ,(§) are generated from the univariate B-spline basis functions
B along the mth parametric direction as follows:

Ri p(&) = 3

im,Pm

dp
Bi p&) = [ Bi.pu &) @)
m=1
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where d, denotes the dimension of the parameter space, =" = [S,’”, AT } (m=1,...,d,) are the
d, univariate knot vectors, p,, is the polynomial degree along the parametric direction m, and n,, indicates the
associated number of functions. On the left hand side of Eq. (4), i = (i1, i2, ..., idp) represents the index position
in the tensor product structure, p = (py, p2, - -, pdp) indicates the polynomial degrees for all parameter directions,

d . .

and & = (Sill , éizz, R éid” ) denotes the parametric coordinate.
D Jldp
Similarly, the multivariate NURBS are constructed as:
w; B p(§)
Rip(§) = =—2=>"—. (5)
> wiBjp&)

2.2. Subdivision refinement of univariate and multivariate B-splines

As pointed by Schillinger [45], subdivision is a remarkable property of uniform B-splines and the refinement is
naturally implemented by subdivision. Due to the subdivision property, a two-scale relation can be presented as Eq.
(6) [59-61] for a univariate B-spline basis function B, of polynomial degree p.

p+1 +1
BﬁﬁﬂﬂZij>&%—n. (6)
j=0

The binomial coefficient used in Eq. (6) is formulated as:

(p + 1) _ (p+1) o
J jl(p+1—

The original equidistantly spaced knot vector = 0= {0,1,2,3,...} is the knot vector on level 0, and the knot
sequence E' = {0,1/2',2/2',3/2!, ...} is the knot vector on level / which is I-times bisected from Z°. By means
of the two-scale relation as Eq. (6), a B-spline basis function B;’p on level [ (I>0) can be expressed as a linear
combination of B;H’p with the number of p+2 which are the children of Bf’p , and Bl.l’p is referred to as the parent
of Bj.H“U inversely. The relation of B-splines on consecutive levels is defined as:
1 ( p+ 1) 1 (p+ D!

k)T 2 (prl—k0 ®

Bl,&) =) CLBL®) with Cfy = o
k

where Cf « are the entities of the subdivision matrix which is a banded sparse matrix due to the local support of
B-spline basis. Then, Eq. (8) can be rewritten in the matrix form for the sake of simplicity:

B"? =CrB't"r. )
With the help of the tensor product structure presented in Eq. (4), the extension of subdivision refinement of
univariate B-splines is straightforward and formulated as:
dp
Bi"(§) = S"B;"P(&) with S? = S7, = §7 =[1s” ... 10
&) = S"B®) P = Sl i) 1) E”“ (10)

For the B-spline basis functions defined by an open knot vector, the aforementioned two-scale relation presented
in Eq. (6) do not hold any more, and it need to be generalized as:

B=Y asi. (an

where the original B-spline function B is expressed by several new B-spline functions ¢; and the corresponding
scaling factors are represented by s;. Moreover, the construction of corresponding knot vector and scaling factors
are easily implemented by using the standard knot refinement algorithms [62,63].

2.3. Hierarchical local refinement from element viewpoint

In the context of hierarchical local refinement of IGA, both refinement triggered from element-wise and basis-
wise strategies are adopted [45], and hierarchical local refinement from element viewpoint is used in this paper,
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Open knot vector : £'={0,0,0,1,2,2,3,4,4,4}
Marked elements : R’ ={[2.3].[3.4]}—=
Deactivated functions : Fjy ={B{ By ,BY}---s-swsreesees
*, | Active functions: Fy ={B/,B; BB/}
* Activated functions: F,,,.., ={B.,Bl,B), Bl B}

(a) Level /=0
l ’ 5 ! ' ! Open knot vector: £'={0,0,0,1/2,1,3/2,2,2,5/ 2,3,7/2,4,4,4}
E ._ Marked elements: R' ={[5/2,3],3,7/2|}—m=s
y Deactivated functions : Fj, ={B, B, B} B}, B}, By} ---s----reem
“‘ Active functions : F, ={B},By,B,,B,,, B}
P NG AN Activated functions: Fy, ., ={B’,,B:}

(b) Level /=1

1 B : ) ! "1 Open knot vector: £2={0,0,0,1/4,1/2,3/4,1,5/4,3/2,7/4,2,2,.9/4,5/2,11/4,3.13/4,7/2,15/ 4,4,4,4}
Marked elements : R* = {[|}

Active functions: F} ={B},.B};}

{ Activated functions: F, ., ={[1}

(c) Level =2

Hierarchical basis functions space : B* ={B' B} B .B{ B} B,.B}.B),.B,.B}, B}

0 Rl

(d) Hierarchical basis functions space for p=2

Fig. 2. The major aspects are demonstrated for constructing a hierarchical basis functions space by hierarchical local refinement algorithm.

since the proposed geometrical mark strategy for hierarchical local refinement is derived from quadrature points of
each active element and adopting the element based local refinement offers the intuitive convenience.

The algorithm for creating a hierarchical basis function space is demonstrated for element-wise strategy and the
key ingredients of hierarchical local refinement technique can be summarized as follows:

e Step 1 (Initial configuration): All basis functions at the coarsest level are activated initially and the level [ is set
to 0, as well as the sequences of open knot vector sequences are obtained by the A-refinement technique [23];

e Step 2 (Mark the elements): Mark the elements on level / in terms of the mark strategy and obtain the set of
marked elements R';

e Step 3 (Functions deactivation): Deactivate the basis Bf whose support supp Bf belongs to R';

e Step 4: (Function Activation): Activate the basis B/ "' whose support supp B/ ™" is a subset of R';

e Step 5 (Loop operation): Set [ =1+ 1 and perform the steps from 2 to 5 until the max hierarchical level Ny — 1
is reached.

An example for univariate B-splines is depicted in Fig. 2, with a schematic description of the aforementioned
key ingredients of hierarchical local refinement technique.

Due to the tensor product structure of multivariate B-splines, the hierarchical local refinement strategy for
multivariate B-splines can be easily implemented by performing the hierarchical local refinement strategy for each
component of multivariate B-splines. Here, an example of a square shaped domain illustrated in Fig. 3 is used to
demonstrate the hierarchical local refinement method for the multivariate case.

3. Hierarchical IGA based topology optimization using MMC

Beginning with a brief review of TO using MMC method, a novel mathematic model of TO using MMC is
subsequently put forward, which integrates the technique of hierarchical local refinement for IGA. Moreover, to
obtain the iterative steps carrying out the hierarchical local refinement and the refined regions during the process
of optimization, a mark strategy is presented in this section as well. To avoid difficulties with the notation, the TO
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Refined region ® Active Control points

hierarchical subdomain and
control mesh

N

Fig. 3. The hierarchical local refinement strategy for bivariate case is demonstrated with NURBS elements of which the degree is 2 for each
parameter direction. The active functions are indicated by the corresponding active control points. Four elements of level 2, three elements
of level 1 and one element of level O constitute the final hierarchical subdomain set, which are referred to as active elements.

problem for compliance minimization is only considered, which can be generalized to other types of TO problems
with limited efforts of modification.

3.1. Topology optimization using MMC

According to the definition in the work of Guo et al. [33,64], the mathematic model of TO for compliance
minimization using MMC is formulated as follows:

Find D = (D}, D3,...,DNT
Minimize C = F'u

s.t.
Ku=F ’
&(D) <0
D c Up

where C denotes the objective function, F is the external force vector, u is the displacement vector, g,(D) represents
the volume constraint function, the set of design variables D consists of all geometric design variables with the
subset represented by DiT = (xoi, Yoi» Li, ti, tai, 13, 0;), which corresponds to a component possessing a similar
configuration as depicted in Fig. 4 and consists of the component central coordinates (xo;, yo;), half-length (L;) along
the direction x’, inclined angle (6;) between global and local coordinate system, and variable depth ¢; = (¢1;, t2;, 3;)-
In Eq. (12), Up is the admissible set of D and n is the number of components constituting the topology of the
structure.

12)
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xOy: golbal coordinate system
x'0"y": local coordinate system

Y

A

0(0) ™

Fig. 4. The geometry and coordinate system for a component used in TO using MMC method.

In a design domain D with solid region (2°, the structural topology can be implicitly expressed by:
o'(x)>0, ifxe
e'(x) =0, ifxed® | (13)
©*'(x) <0, ifxe D\

where
©*(x) = max(@1, ..., Q). (14)
In Eq. (14), ¢; withi = 1,2, ..., n means the TDF of the ith component, which is written as:
(x.y) <x/),,+< Y ),7 1(p=6) (15)
eilx,y)=\ 7 YN - P = s
L; f(x)
with
x| | cos6; sin6; | [x —xy
{y’} o |:— sin 6; cos@i] {y - in} ’ (16)
and
N hittp =28, ,,  hi—t;
= + + t3;. 17
S 21 (x") 3L X +n (17)

3.2. Mathematic model of TO using IGA with hierarchical splines

The ersatz material model is one of the key ingredients of TO, which acts as a bridge between the design variables
and objectives (or constraints) of the optimization problem. Sound ersatz material model is of significance to the
convergence and stability of optimization process. Therefore, an appropriate ersatz material model should be taken
into consideration before the presentation of mathematic model of TO using hierarchical IGA. In this work, the ersatz
material model is established based on the values of TDF of Gaussian points, which is different from those used in
traditional FEM based MMC method [65] or ITO-MMC [34]. The reasons to not use the ersatz material model in
the two contributions mentioned above are as follows: the strain energy of the nodes of an active element cannot
be calculated by the sum of one fourth of the strain energy of elements surrounding to the corresponding point,
due to the existence of the hanging nodes in the hierarchical mesh (see Fig. 5(a)); the strain energy of multi-level
Greville abscissae is difficult to compute, since those points are not properly graded in the overlap of the supports
of functions with different levels [66] and the strain energy of active elements on the finer level may contribute
to the strain energy of Greville abscissae of active elements on the coarser level (see Fig. 5(b)). Therefore, these
two schemes will lead to inaccurate sensitivity analysis resulted from the inaccurate nodal or Greville abscissae
strain energy, which will deteriorate the convergence of TO. The Gaussian points of a hierarchical NURBS mesh
are accurate to the sensitivity analysis of TO, since Gaussian points located in the interior of active elements are
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® Points of level 0 ® Points of level 1 ® Points of level 2

L —— . 3 - .

. . .

o o ofe o 0

(a) Corner nodes of a hierarchy mesh (b) Greville abscissae of a hierarchy mesh (c) Gaussian points of a hierarchy mesh

Fig. 5. An illustration for the positions of multi-level corner nodes, Greville abscissae and Gaussian points of a hierarchy mesh with three
different mesh sizes.

not encircled by elements with different mesh sizes and properly graded in each active element (see Fig. 5(c)), and
the feature of spanning over several active elements on different levels is disappeared for Gaussian points. Hence,
the ersatz material model used in this paper is based on Gaussian points of all active elements of the hierarchy
computational mesh.

With the use of Gaussian points obtained from Gaussian quadrature, the ersatz material model for TO using
hierarchical IGA is constructed as follows. Firstly, TDF values of Gaussian points are calculated by Eq. (14).
Then, the regularized Heaviside function formulated as Eq. (18) is introduced to transform the TDF values of
Gaussian points into regularized Heaviside values, which spread over the range of [0, 1]. Finally, the new ersatz
material model is established based on the regularized Heaviside values of the corresponding Gaussian points for
each active element and written in the form of Eq. (19).

1 ifx>¢
3(1—P8) (x x3 1+8 .

Ho(x) = T(E‘§>+T if—e<x<e. (18)
B ifx <—¢

where 8 denotes a small positive constant to ensure the nonsingularity of global stiffness matrix and ¢ represents
a constant parameter to control the level of regularization.

> Higl,)

(ngp )
i=l e=1,2,...,N and 1=0,1--- Ny — 1. (19)
1 ngp
ph=— > Hdgl,)
nep \iD

In Eq. (19), y! and p! represent the Young’s modulus coefficient and density of the eth active element on
level [ respectively, ng, is the number of Gaussian points of an active element, (pl{e denotes the TDF value of the
ith Gaussian point of the eth active element on level /, Hs(wf.e) expresses the corresponding regularized Heaviside
value, N é is the number of active elements on level [, Ny — 1'represents the max hierarchical level of the hierarchy
mesh, and ¢ is set to 2 in this paper as those used in [8,34,64].

After obtaining the established ersatz material model, the formula shown in Eq. (12) for TO using MMC can
be reformulated by adding the corresponding assumptions of mechanical model and specifying a volume constraint
(see Eq. (8) of [64]). Therefore, the mathematic model of the proposed IGA with hierarchical splines based TO

)/el]

Ngp
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using MMC (HITO-MMC) model is formulated as follows:

Find D = (DT, D}, ..., DN u(x)

No—1 N}
Minimize C = Z Z)/el(ule)TKleule
=0 e=1
S.t.
Keu=F
s . , (20)
with K = (Z (C’)TKIC’) where K' =) y!K.
1=0 e=l
No—1 N.
> YAV =T,
=0 e=1
D Cc Up

where D is the set of design variables consisting of geometric parameters of all components, C represents the
structural mean compliance, u!, denotes the displacement vector of the control points associated with the eth active
element on level /, u represents the displacement vector of all active control points, K is the global stiffness matrix of
the control points corresponding to the linearly independent hierarchical basis functions space B*~! as illustrated
in Fig. 2, K 2 is the stiffness matrix of the eth active NURBS element on level / with the density equaling to 1, C'
represents a transformation matrix to transform the stiffness matrix of all active elements on level / into the global
stiffness matrix K, Vel denotes the volume of the eth active element on level [, V is the prescribed volume fraction,
Up represents the admissible set where D belongs.

3.3. Mark strategy for hierarchical local refinement

One of the key ingredients for the proposed HITO-MMC framework is the mark strategy of hierarchical local
refinement, which can change the hierarchy mesh adaptively along with the process of TO. The mark strategy
consists of two parts: a criterion gy, used to trigger the hierarchical local refinement or not, and a geometric mark
criterion g, for detecting the elements to be marked and locally refined.

To determine the iterative steps where the hierarchical local refinement should be proceeded for the associated
hierarchy computational mesh, the criterion presented in Eq. (21) is put forward similar to the strategy used in [36],
the tolerance of adaptive mesh refinement fol 43 g has an initial value and is updated by halving its value after each
execution of a hierarchical local refinement.

_ )1 if |G —Ci|/Ck < tolamr
8step =
0, otherwise @1

9
with C; = ch_,/m k> 10

i=0
where Cy denotes the value of objective function at the kth iterative step, Cy represents the mean value of the last
ten iterative steps counting backwards from the kth iterative step.

Similar to the strategy capturing the region to be refined in [35], a geometric mark criterion gfw,e is proposed
herein for detecting the active elements on level [/ in the vicinity of the structural boundary. With the use of the
TDF values at Gaussian points calculated by Eq. (15), the geometric mark criterion gque is formulated as follows:

;)1 it 3—rolipp <@, <tolyppi=1,2,... ng)

g, = =1,2,....N! and 1=0,1,...,No—1

e
0 otherwise >

with tolk. . = tol% /1
(22)
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tol}),, =0.5 toly,, =tol},, 12=1025
—— @0 =05 E Marked elements on level 0 — Qe =025 Marked elements on level |
Diower =-0-5 . Structural topology —— @) =-0.25 . Structural topology

Perform a hierarchical
refinement

>

Fig. 6. The marked region for a uniform NURBS mesh with size of 8 x 8 is shown in the left, both the hierarchical mesh obtained from
refining the marked region in purple and the corresponding pink marked elements for active elements on level 1 are shown in the right.

where tol - is the initial value of the parameter used to define the region close to the structural boundary for the
initial NURBS mesh, tol} |, is the parameter to get the marked elements for the active elements on level /, which
is obtained from dividing tol(} pr by I An illustration for the geometric mark criteria gfw’e proposed in this paper
is depicted in Fig. 6.

4. Isogeometric analysis with hierarchical splines for HITO-MMC

For the minimum compliance problem, the equivalent integral equation can be written in Eq. (23) as a weak
form.

f 8(v)-IE-£(u)d.Qp=f v-fd(Zp—i-/ v-tdly Yvely, (23)
2p Q Iy

where (2p is the design domain, ¢ and [E denote the second order linear strain tensor and the fourth order isotropic
elasticity tensor of the solid material, respectively, v is an arbitrary test function within the admissible set {4, u
denotes the displacement field, f represents the body force, and ¢ is the external force applied to the force boundary
Iy.

According to the contents in Section 2, a linear independent hierarchical space is denoted by BN~ = UlNzoo_ 'F fl,.
Using the isogeometric paradigm, both test function v and displacement field u are represented by the linear
combination of basis functions of the given hierarchical space as follows:

forYvandVYu, 3q;and Ju;
S.t.
Nep nNep (24)

v=ZBiqi, u=ZBjuj,
j=1

i=I

where g; and u; are the vectors of constants, n., is the number of control points corresponding to the active basis
functions in the hierarchical space BY0~!. Due to the arbitrariness of g;, Eq. (23) can be rewritten as:

nep
3 / BIDB,d 2pu; = f By fdp + f Bitdl}, (25)
j=1 ‘QP -QP Ft



X. Xie, S. Wang, M. Xu et al. / Computer Methods in Applied Mechanics and Engineering 360 (2020) 112696 11

where D is the stress—strain matrix, B; represents a gradient matrix which is formulated as Eq. (26) for two
dimensional case.

0 B;
— 0
0x
0 B;
B=| 0 —/ (26)
dy
0B; 0B;
ax ay
Then, a matrix form of Eq. (25) is obtained and formulated as:
Ku=F
with K = [K;;1, K; =/ B!DB;d2p
£2p
u={u;} , (27)
F={F) F = f B, fd 0y +/ Bitdr,
.Qp It

Li=1,2,.... 1

where K is the global stiffness matrix, u represents the displacement vector for all DOFs, F denotes the force
vector.

Since the active functions on the coarser level may not vanish in active elements on the finer level as depicted
in Fig. 3, the entities K;; of K should be computed level by level as follows:

No—1

Nt N
T 1,1
K,-_,»:/Q BIDBd2 = Y [ 3D (e) /TIB{DBk,dT’c,g,j , (28)
P

I=max{l;, 1;} \ k=1 k'=1

where [; and [; are the level of B; and B; respectively, T' is the union of active elements on level I, N represents the
number of control points corresponding to the active elements on level /, ci"l.’l is a transformation matrix between B}

and Bz, of which the component cf’l ! . is obtained based on the chain rule and the two-scale relation presented
in Eq. (11) as:

1 ifl—1;=0

Ll I K .

ntvpor TN\l if1—1; > 1 (29)
j=1

with t; =1, i+nc,,-~- s i+(ND0F—1)-nc,, andi=1,..., Npor,

where Npor is the number of DOFs at each control point.

The coefficients used in Eq. (28) constitute a transformation matrix C;, which collects the coefficients for
expressing the active hierarchical basis functions of DOFs up to level [ by the basis functions corresponding to the
DOFs of the active elements on level I. The size of the transformation matrix C; is N'- Npor X NX: ' Npor where
Ng: ! denotes the number of active functions up to level /. Therefore, Eq. (28) can be reformulated as:

No—1 NN No—1 N!

Kij= Y (@' ZZ/ B{DB.dT' | Ci= ) (€)' K.C
I=max;, 1; k=t k= T I=max;.1; e=1
No—1
= Y (C)'K'C : (30)
l=max1,-,1j

N
withK' =" K,and K} = / B'DBJT'
[

e=1 T
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Hence, the global stiffness matrix K is assembled by the submatrices K 'r=o,..., Ny — 1 as follows:
No—1
K= Z(C’)TK’C’ (31)
1=0
with C' = [C;0]. (32)
Similarly, the global force vector is assembled by the sub-vectors F! with 1 =0, ..., Ny — 1 and formulated as:
No—1
F — (CI)TFl
2 9

withC' = [C, 0]

In both Egs. (32) and (33), C' is the transformation matrix mapping the active functions of the hierarchical
space BNo~! into the linear combination of the B-spline basis functions corresponding to the active elements on
level [ with size of N' - Npor X N/(;: No=l por-. Apparently, Eq. (23) is also fulfilled for the active elements on
level [ and results in:

K'u'=F' for1=0,1,...,Ny—1, (34)

where u' is the displacement vector for the control points associated with the active elements on level .
Substituting Eqs. (32), (33) and (34) into Eq. (27), the relationship between the displacement vector u' of level
[ and the displacement vector u of all active control points is formulated as:

u' =Cu fori=0,1,...,Ny—1, (35)

which is critical to the sensitivity analysis for the proposed HITO-MMC.
Two dimensional (2D) plane stress problems are only taken into consideration in this part for the sake of
simplicity, the strain—displacement matrix B and the stress—strain matrix D used in Eq. (30) are formulated as:

IN INy

Y 0o ... 3 0
) Y ANy
B = 0 —_— ... 0
81% dx
aN; 9N, ONpy  ONp
ax oy ox ay |’ (36)
1 v 0
D— E v 1 0
T 12 1—
I=v"10 0 Y

where E and v denote the Young’s modulus and Poisson’s ratio, respectively.
With the ersatz material model defined in Eq. (19), the Young’s modulus of the eth active element on level / is
written as:

El=y!E e=1,2,...,N', 1=0,1,...,Ng— 1. (37)
Accordingly, the element stiffness of the eth active element on level / is interpreted as:

_ E!
K = [ B'DB=¢d7' = ! | B™DBAT = y'K', (38)
e Tel E e Tel e e

where K lg represents the fully solid element stiffness matrix of the eth active element on level /.
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Therefore, the proposed HITO-MMC presented in Eq. (20) can be reformulated as:

Find D = (D], D5, ..., D) u(x)
No—1 N
—
Minimize C = Y Y @) Kul, (u,=Clu fore=0,1,...,N))
=0 e=1
S.r.
No—1 N

Y e YKC | u=F ’ 59
=0 e=1

No—1 N.

Y Y o AvisV,

=0 e=1
D C Up

where C' is a submatrix of C' associated with the eth active element on level /.

5. Computational examples

To verify the effectiveness of the proposed HITO-MMC, four benchmarks of minimization compliance problem
are presented in this part. Due to the major concerns about the numerical performances, the material properties,
geometry data of the design domain and external load applied to the structure are dimensionless. The Young’s
modulus £ and Poisson’s ratio v used in Eq. (36) are set to 1 and 0.3, respectively. As for the optimizer used
in HITO-MMC, the Method of Moving Asymptotes (MMA) [67] is adopted, where the parameters are prescribed
to epsimin = 10°(—10), raa0 = 0.01, albefa = 0.4, asyinit = 0.1, asyincr = 0.8, asydecr = 0.6. The operating
environment for the examples is a workstation where the intel core is Xeon(R) Gold 5120 CPU @ 2.20 GHz
2.19 GHz, the RAM is 64 GB, the OS is Windows 10, and the software environment is MATLAB 2016a. For
all examples, the max iterations are set to 300, and the max hierarchical level is prescribed to 10, as well as the
initial value of the parameter tol4)r used in Eq. (21) is fixed to 0.001 to obtain the iterative steps where the
hierarchical local refinement should be conducted for the computational mesh with quadratic NURBS elements.
The number of DOFs is expressed by a variable dofs in figures. Finally, the convergence criterion is set to
0 =|Ci — Ci|/C; <5 x 107 withC; = 23:0 Ci—j/10 fori =10, 11,12,....

5.1. The Messerschmitt—Bolkow—Blohm (MBB) beam

In this benchmark, the well-known MBB beam is used to examine the effectiveness of the proposed HITO-MMC.
Due to the symmetry of MBB beam, only half of MBB beam is taken into consideration. The design domain
and boundary condition as well as the volume constraint for the half MBB beam are shown in Fig. 7, where the
dimension of the design domain is 3 x 1, the load F is applied to the left-top corner with vertically downward
direction, the upper bound of volume of solid material is specified to 0.4. The parameter tol% - used in Eq. (22)
is prescribed to 0.48 for the proposed mark strategy to determine the elements to be refined. Besides, the initial
NURBS mesh with size of 45 x 15 is used to discretize the design domain. Both the initial uniform computational
mesh and the initial design of basic structural components are illustrated in Fig. 8.

The hierarchy computational meshes, and the structural topologies, as well as the DOFs corresponding to the
hierarchy computational meshes, are presented in Fig. 9 for the intermediate iterative steps with a local refinement
performed. From the results shown in Fig. 9, it is noting that the mark strategy is effective to get the steps performing
a local refinement and refine the region close to the structural boundary, the elements satisfying the mark condition
presented in Eq. (22) are subdivided into four equal subelements. Some elements not on the boundary of any
component are marked to be refined as shown in Fig. 9, which is resulted from the fact the geometric mark strategy
is based on Gaussian quadrature points, of which the distribution is much denser than the nodal points of a fixed
90 x 30 grid used to display the structural components, and small components are only captured by the denser
Gaussian quadrature points. Hence, the validity of the mark strategy proposed in this paper is verified for HITO-
MMC. Afterwards, the final optimized structure and the corresponding hierarchical mesh as well as the convergence
history are depicted in Fig. 10. Compared to the result of half MBB beam by ITO-MMC in [34], the number of
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Fig. 7. The half MBB beam problem setting.

D Initial computational NURBS mesh . Initial designs of componenets

Fig. 8. The initial uniform computational mesh and the initial design for basic structural components.

iterations is reduced from 533 to 232 and the objective function is decreased from 229.94 to 204.48, the decrease
of the number of DOFs is more than 1600 as well. In other words, the improvements for the HITO-MMC in
iterations, objective functions are 56.5%, 11% than ITO-MMC, and the reduction of the number of DOFs is no
less than 35.7%. Besides, the number of DOFs is dramatically reduced if the global refinement is replaced by the
hierarchical local refinement, which can be found from the result presented in Fig. 11 and the decrement of the
number of DOFs is more than 89.0% once the number of refinements is no less than 2. Therefore, the proposed
HITO-MMC is very effective for solving TO problems, and with the proposed HITO-MMC, we can perform TO
with relative coarse computational mesh, meanwhile the structural performance is improved.

5.2. Multiple load beam

Multiple load beam is another well-known TO benchmark, and the corresponding design domain with the
dimension of 1 x 1, the boundary condition and volume constraint are illustrated in Fig. 12(a). The multiple beam is
fixed in the left edge, loaded on right-top and right-bottom, as well as the upper bound of volume of solid material is
0.4. Moreover, the initial uniform computation mesh and basic structural components are as depicted in Fig. 12(b).
The parameter tol},,, in Eq. (22) is set to 0.1 for determining the elements to be refined.

With the aid of the HITO-MMC presented in this paper, the hierarchy computational meshes and the optimized
structural topologies are illustrated in Fig. 13((a)—(e)) for intermediate iterative steps where a local refinement
is conducted. Simultaneously, the final optimized result is presented in Fig. 13(f) with the same hierarchy
computational mesh presented in Fig. 13(e). According to the results shown in Fig. 13, it is easy to know that
the proposed HITO-MMC and mark strategy are valid for the multiple load beam example, the elements located
on the boundary of structure are refined once a hierarchical local refinement is trigged. As a comparison, the
optimized result obtained by ITO-MMC [34] for the current case, is depicted in Fig. 14. Compared to the result
by ITO-MMC [34], the improvement in objective function is up to 15.8%, the decrease of the number of DOFs
is more than 65.7% with 11.0% decrease of the number of iterations for HITO-MMC. Finally, the convergence
history is presented in Fig. 15, which describes the variations of objective function and volume constraint function.
From Fig. 15, it is observed that the curve of objective function is smooth expect for the iterative steps performing
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|:| Hierarchy computational NURBS mesh . Structural topology

-
HH
.

1 HH

o

HAL Ll
isnnun; HHH

(c) Iterations =166, C = 205.88, N, = 4, dofs = 2888

Fig. 9. The computational meshes and structural topologies for iterative steps where a hierarchical local refinement is performed, and the
max hierarchical level Ny of the hierarchy mesh is 2, 3 and 4 for (a), (b) and (c) respectively.

a local refinement and the magnitude of the mutation of objective function on steps labeled with green dotted lines
is reduced with the increase of the number of max hierarchical level. The reason for this numerical phenomenon is
that the ersatz material model is more accurate since the finer computational mesh is used, which results in a more
accurate displacement field, and the differences in the ersatz material model of the elements close to the boundary
will be reduced due to the reduced variation of the structural boundary as the TO iteration progresses.

5.3. Short beam loaded on middle of right edge

To validate the versatility of the HITO-MMC presented in this paper, short beam loaded on the middle point of
right edge is examined. The top of Fig. 16 elaborates the problem setting of this benchmark, both the initial design
of components and the computational mesh are illustrated in the bottom of Fig. 16. The dimension of the design
domain is 2 x 1 and the volume of solid material is prescribed to 0.4, a vertically downward load is applied to the
middle point of right edge. Besides, the mesh size of the initial computational mesh used to discretize the design
domain is 28 x 14. To get the marked elements for the steps performing local refinement, the parameter tol% ;) in
Eq. (22) takes 0.6.
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D hierarchy computational NURBS mesh . Structural topology
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Fig. 10. The final optimized structure for half MBB is shown in (a) and the convergence history is illustrated in (b)

= Hierarchical refinement
~o-Global refinement
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Fig. 11. A comparison of DOFs between global refinement and hierarchical local refinement of computational mesh with the same initial
mesh.
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4
F) [ Initial computational NURBS mesh
® B Initial designs of components
]
F=-1 F=1 E=1
v=03 V<V=04
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e
e
]
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F v _— |
~ N X (b) The initial uniform computational mesh and the
(a) Configuration of multiple load beam problem initial designs for basic structural components.

Fig. 12. The configuration of multiple load beam is shown in (a), both initial uniform mesh with size of 14 x 14 and initial design of 8
structural components are presented in (b).

Fig. 17 depicts the computational meshes and topologies for the iterative steps where the criterion formulated as
(21) is satisfied and the hierarchical local refinement is triggered. From the results shown in Fig. 17, it finds that the
elements located in the neighborhood of the structural boundary are refined once the condition presented in (22) is
satisfied for those elements. Therefore, the proposed mark strategy is effective for short beam as well. According
to the convergence history and the final optimized structure shown in Fig. 18, it concludes that the proposed HITO-
MMC is valid for short beam loaded on the middle of right edge and is versatile for all 2D minimization compliance
problem. Fig. 19 presents the systematic comparisons under three different cases. From the results shown in Fig. 19,
it is concluded that a globally refined NURBS mesh and the proposed HITO-MMC generate ideal results identical
to the optimized structure obtained by a very dense NURBS mesh with the size of 448 x 224, and the differences
in iterations are small for these three conditions, as well as the continuous refinement is helpful to improve the
computational efficiency of the objective functional than fixed dense NURBS mesh. Besides, the proposed HITO-
MMC outperforms the continuous global refinement in terms of the number of DOFs. Moreover, Table | presents a
comparison between HITO-MMC and conventional MMC TO using linear Lagrange elements with three different
fixed mesh sizes, which indicates that the number of DOFs is reduced by 30.1%-90.7%, the value of the objective
function is improved by 10.0%-12.2%, and the number of total iterations is also reduced by 23.4%-77.8%. Hence,
the proposed HITO-MMC outperforms conventional MMC TO [64].

5.4. A three dimensional cantilever problem

To extend the proposed HITO-MMC framework to three dimensional TO problems, a three dimensional cantilever
is taken into account. The corresponding problem setting is illustrated in Fig. 20, where the cantilever is fixed on
the surface coinciding with the green plane and subjected to a uniform linear load on the right-bottom edge, as well
as the dimension of the cantilever is 1 x 1 x 0.2. As the three aforementioned benchmarks, the prescribed volume
of solid material is 0.4. Besides, the parameter t0l%, in Eq. (22) is set to 0.48 for performing the hierarchical
local refinement during the process of HITO-MMC.

The initial design of components and the initial uniform mesh to discretize the design domain are presented in
Fig. 21, and the size of the initial mesh is 20 x 20 x 4. Then, with the help of HITO-MMC method, the optimized
topologies are obtained and shown in Fig. 22 for two intermediate steps triggering the hierarchical local refinement
and the final step of the optimization. Furthermore, both the convergence history and the process of the evolution of
the hierarchy computational mesh are illustrated in Fig. 23. A comparison of the number of DOFs is illustrated in
Fig. 24 for both hierarchical local and global refinements, and the number of DOFs used in HITO-MMC is reduced
by 90.3% than those obtained from global refinement once the number of refinements is equal to 2. Based on the
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EI Hierarchy computational NURBS mesh . Structural topology

(a) lterations 41, C =59.16, N, = 2, dofs = 628 (b) Iterations 71, C =57.45, N, = 3, dofs = 820

(d) Iterations =200, C' =51.64, N, =5, dofs =1132

(f) final optimized result :
Iterations =300, C =51.28, N, = 6, dofs = 50.94

(e) Iterations =221, (' =51.28, N, = 6, dofs =1212

Fig. 13. The hierarchy NURBS meshes and structural topologies of intermediate iterative steps carrying out a local refinement are presented
in (a)—(e), (f) is the final optimized topology and the discretized NURBS mesh for multiple load beam.
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The number of iterations : 337

C =60.47. dofs = 3528 for a uniform NURBS mesh with size of 40x40

Fig. 14. The final optimized result by ITO-MMC shown in Fig. 29(a) of [34].

N, represents the maximum hierarchical levels
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Fig. 15. The convergence history for multiple load beam optimized with the proposed HITO-MMC (a local refinement is performed on the
steps labeled with green dotted lines)

results presented in Figs. 22-24, it arrives in conclusions that the proposed HITO-MMC is a promising way for
solving the 3D TO problems since the number of DOFs is dramatically reduced, which results in a larger save of
computational efforts, and the proposed HITO-MMC possesses the ability of optimizing the 3D structures from a
relative initial coarse mesh size, as well as the hierarchical local refinement is superior to global refinement in terms
of the number of DOFs.

6. Conclusions

In this work, we have developed a HITO-MMC framework based on hierarchical local refinement technique
and the proposed mark strategy based on both the relative error of the objective function value and the TDF
values of Gaussian points. The sensitivity analysis of HITO-MMC is derived from the relationship between global
displacement vector and the local displacement vector of each level, which is computed as the sum of the hierarchical
sensitivities of all levels.

According to the aforementioned numerical results, the proposed HITO-MMC is an effective tool for 2D and
3D structural TO problems, and the proposed mark strategy is capable of capturing the boundaries of the optimized
structures, which leads to a more accurate ersatz material model and a more accurate displacement field on the
region close to the structural boundary. Compared to ITO-MMC [27], the improvements of iterations and objective
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Fig. 16. The problem setting (fop), the initial computational mesh and design of structural components (bottom) for short beam loaded on
the middle of right edge.

D Hierarchy computational NURBS mesh . Structural topology

(c) Iterations =109, C = 69.20 N, = 4, dofs = 2396 (d) Iterations =155, C =67.35 N, =5, dofs = 2644

Fig. 17. The computational hierarchy meshes and structural topologies for intermediate steps with a local refinement performed.

function is 11.0%-56.5% and 11%-15.8%, meanwhile the decrement of the number of DOFs is more than 35.7%
in HITO-MMC. Therefore, the proposed HITO-MMC is a more effective approach than ITO-MMC. Besides, from
the results shown in Table 1, HITO-MMC outperforms the conventional MMC TO method [64] as well, since the
reduction of the number of DOFs varies from 30.1% to 90.7%, the improvements of total iterations and objective
function are 23.4%—77.8% and 10.0%—-12.2%, respectively. The number of DOFs is reduced by §9.0% and 90.3% for
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Fig. 18. The final converged structural topology and the corresponding hierarchy mesh, as well as the convergence history are presented for
short beam with the HITO-MMC framework.

(a) Iterations =162, C = 67.97, dofs = 203400 (b) Iterations =196, C = 68.28 (c) Iterations =187, C = 67.22

Fig. 19. Systematic comparisons between three optimized results: (a) for ITO-MMC with a 448 x 224 NURBS mesh, of which the number
of DOFs is 203400; (b) for ITO-MMC with the NURBS mesh globally refined for each refinement iterative step, of which the number of
DOFs varies from 960 to 203 400; (c) for HITO-MMC with the mesh locally refined, of which the number of DOFs varying from 960 to
2644.

2D and 3D TO problems, once the global refinement is replaced by hierarchical local refinement and the number of
refinements is 2. Continuous refinement outperforms the fixed NURBS mesh in generating the optimal design due to
the highly computational efficiency, and hierarchical local refinement is superior to continuous uniform refinement.
Hence, the proposed HITO-MMC is efficient and accurate, which has a great potential to solve large-scale TO
problems.
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Dw

o

Fig. 20. The problem setting for the three dimensional cantilever problem . (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

(a) Initial designs of structural components (b) Initial uniform computational mesh with 1 level

Fig. 21. The initial design of basic structural components and the uniform computational mesh used to discretize the design domain.

AA

(a) Iterations =86, C 2534, N, = 2, dofs = 15162 (b) lterations =91, C 25.73, N, =3, dofs = 35178 (c) Final converged result : lterations =157, 2497, N, =3, dofs =35178

Fig. 22. The optimized structures for the steps carrying out the hierarchical local refinement and the converged step.
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Table 1
A comparison between HITO-MMC and conventional MMC TO (see results in Table 1 of [34]).
Methods HITO-MMC Conventional MMC (60 x 30) Improvement
DOFs (step = 1) 960 74.6%
DOFs (step = 51) 1624 57.1%
DOFs (step = 89) 1980 3782 47.7%
DOFs (step = 109) 2396 36.7%
DOFs (step = 155) 2644 30.1%
Final optimized C 67.22 76.52 12.2%
Total iterations 187 464 59.7%
Methods HITO-MMC Conventional MMC (80 x 40) Improvement
DOFs (step = 1) 960 85.6%
DOFs (step = 51) 1624 75.6%
DOFs (step = 89) 1980 6642 70.2%
DOFs (step = 109) 2396 63.9%
DOFs (step = 155) 2644 60.2%
Final optimized C 67.22 74.68 10.0%
Total iterations 187 244 23.4%
Methods HITO-MMC Conventional MMC (100 x 50) Improvement
DOFs (step = 1) 960 90.7%
DOFs (step = 51) 1624 84.2%
DOFs (step = 89) 1980 10302 80.8%
DOFs (step = 109) 2396 76.7%
DOFs (step = 155) 2644 74.3%
Final optimized C 67.22 74.66 10.0%
Total iterations 187 841 77.8%
@ Elements of level 0 @ Elements of level 1 @ Elements of level 2
120 \ \ T I — \ T T — 038
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Fig. 23. The convergence history for the 3D cantilever TO problem and the evolution of the hierarchy computational mesh for the
discretization of the design domain.

Since the coarsening is not incorporated into current method, hierarchical coarsening algorithm should be taken
into consideration for the benefit of making the HITO-MMC fully dynamic and reducing the number of DOFs
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Fig. 24. An illustration for the comparison of the number of DOFs between hierarchical local refinement and global refinement.

further. Due to the local refinement ability of HITO-MMC, the HITO-MMC can applied to the TO problems
with geometric singularity and can extend to optimize the piezoresistive pressure sensor [68] considering a stress
constraint more effectively. Besides, the GPU parallel computing [69] can be added into such a HITO-MMC
model to further improve the computational efficiency. These objectives will be carried out in our future research
works.
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Appendix. Sensitivity analysis of HITO-MMC

The derivative of compliance C presented in Eq. (39) with respect to an arbitrary geometric design variable a;
with a; € D is acquired by differentiating both sides of the objective function of HITO-MMC model, which is
formulated as:

No—1 N. No—1 N} 1
E 8((u)Ku) 8(u) T 18
- Yy MR Sy (R st TR w0

=0 e=1 1=0 e=1 aj

Based on the adjoint sensitivity analysis and the chain rule as well as the relationship presented in Eq. (35), the
formula shown above can be rearranged as a sum of the hierarchical sensitivities of all hierarchical levels:
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Moreover, the sensitivity of the volume constraint function is written as:

v v
8aj =0 3Clj

; 42)

n
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