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when adjacent fine elements change into fully voids or solids during optimization, they
will merge into middle elements, and such merging processes are the same as those be-

_I;g;l;\;vl%rgd;.optimization tween middle elements and coarse elements. Meanwhile, when merged middle elements
Adaptive three-level mesh or coarse elements become gray, they will return to the fine elements. To handle the
Serendipity elements incompatibility of adjacent elements in different levels, the hybrid-order serendipity el-
Finite element method ements are adopted. This paper proposes a new nodal numbering scheme to assemble the

global stiffness matrix, and a new sensitivity filter scheme is discussed to avoid the numer-
ical instability. Additionally, ATMM can obtain better acceleration and convergence, when
combining with the existing gray-scale suppression technology. Lastly, four examples are
provided to verify the proposed method, optimization results are consistent with those
obtained from the uniform fine meshes, but with greatly reduced computational costs. In
the four numerical examples, the time consumed of ATMM in each iteration is only about
30%~69% compared to that of the uniform fine mesh, and the total iteration numbers can
be reduced by 18%~62%.

© 2022 Elsevier Inc. All rights reserved.

1. Introduction

Topology optimization is to find the best material distribution within a given design domain under the prescribed con-
straints, with the purpose of pursuing the best structural performance. Since the seminal work of homogenization method
proposed by Bendsge and Kikuchi [1], topology optimization has achieved vigorous developments due to its advantages in
flexible and creative design. Over the past decades, many remarkable topology optimization methods have been proposed,
such as the solid isotropic material with penalization (SIMP) method [2,3], the evolutionary structural optimization (ESO)
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and bi-directional ESO methods [4], the level-set method (LSM) [5], the explicit moving morphable components (MMC)
method [6], and some non-gradient topology optimization methods [7,8]. Topology optimization was initially utilized to
solve the minimum compliance problem in solid mechanics, but so far, it has been extended to be applied in many in-
teresting fields such as heat transfer [9], electromagnetics [10], optics [11] and acoustics [12]. Additionally, some attract-
ing research directions have been developed such as stress-constrained topology optimization [13], isogeometric topology
optimization [14,15], topology optimization for additive manufacturing [16], topology optimization considering uncertainty
[17] and machining learning-based topology optimization [18].

In general, most topology optimization problems are solved based on gradient information, which requires the sensitiv-
ities with respect to the objective function and constraints. As the topology optimization models become more and more
complex with large number of design variables and degree of freedoms (DOFs), the efficiency cannot meet the practical re-
quirements, especially for the large-scale engineering structures. Therefore, a high-efficient computational method without
loss of accuracy is still important and essential.

To reduce the computational costs of topology optimization, many researchers have made quite a few extraordinary
works. In terms of improving the efficiency of finite element analysis (FEA), one of the most time-consuming part in topol-
ogy optimization, Wang et al. [19] improved the solving efficiency of finite element (FE) equations by recycling the search
spaces from previous linear systems, and the minimum residual method is used to make the recycle more efficient. Amir
et al. [20] introduced a reanalysis technology to approximate solution of FE equations with low computational cost; in ad-
dition to this, Amir et al. [21] also speeded the solution of large-scale FE equations in nested analysis problems, by using
multigrid preconditioned conjugate gradients (MGCG) solver. Gogu [22] constructed basis model by employing previous sev-
eral solutions of FE equations to construct reduced basis model, so as to improve the solving efficiency. The XFEM method
is efficient to perform FEA in the level set method, which can get rid of the void areas and improve the boundary accuracy
without adding additional DOF [23,24]. Liao et al. [25] proposed an initial-value-based preconditioned conjugate-gradient
(PCG) method to reduce the iterations solving FE equations. Zheng et al. [26] reduced the DOFs of FE equations by avoiding
calculating the DOFs of void nodes. In addition, several works are concentrated on reducing the iteration numbers to acceler-
ate the topology optimization process. Guest and Smith Genut [27] reduced the dimension of design variables by separating
the design mesh from the analysis mesh, which leads to fewer iterations of optimization process. Kim et al. [28] reduced
the quick converged design variables to accelerate the convergence of the topology optimization. Wang et al. [29] proposed
a local-update strategy to improve the convergence performance of isogeometric topology optimization. Li et al. [30] recom-
mended applying Anderson extrapolations periodically in the fixed-point iteration to improve the convergence performance.
Recently, the neural networks have been developed to accelerate the topology optimization [31,32]. Through neural net-
works, one can directly obtain the final optimized topology without the time-consuming FEA and redundant iterations.
However, for those problems with large-scale models, complex boundary conditions and irregular meshes, neural networks
for topology optimization currently have some limits to be further overcome. Parallel computing technologies have also been
applied to the topology optimization to improve the computational efficiency [33,34]. However, it is implemented with the
help of the computational ability of the powerful hardware, rather than the improvement of optimization algorithms them-
selves.

Apart from the above-mentioned accelerating methods, a series of methods involving so-called adaptive mesh refinement
(AMR) has also been developed for obtaining lower computational costs and preserves relatively accurate topology layout.
Conventional topology optimization methods are mostly performed on the fixed uniform meshes, with a much large number
of elements to acquire accurate optimized results, while AMR dedicates to obtain results with the same accuracy as those
obtained from uniform fine elements, but with lower computational costs by adaptively placing elements with different sizes
to reduce the total elemental numbers. AMR not only improves the solving efficiency of FE equations, but also reduces the
computational costs of sensitivity analysis and the update processes of design variables, which has been one of the most
popular methods for accelerating topology optimization. Maute and Ramm [35] proposed an adaptive topology optimiza-
tion method for 2D maximum stiffness problem, where elemental size and orientation in analysis model were adaptively
changed with the material distribution in design model, and the void domain in analysis model was neglected. DeRose et al.
[36] used the octree data structure to refine the areas where density distribution varies rapidly. Lin and Chou [37] proposed
a two-stage method for homogenization topology optimization, which used large size of elements in the first stage for the
initial topology structure and detailed it in the second stage by using sufficiently fine elements. Costa and Alves [38] em-
ployed h-adaptive refinement in topology optimization, in which the elements with density bigger than 0.5 and boundary
elements were refined. Stainko [39] only refined the boundary through multilevel mesh approach. Nguyen et al. [40] pro-
posed a multiresolution topology optimization method (MTOP), where three different kinds of meshes with different func-
tions were employed: the displacement mesh for FEA, the design variable mesh for optimization, and the density mesh for
material distribution. The design variable mesh and density mesh were fine discretized to obtain relatively high-resolution
topological structure, but the displacement mesh was coarsely discretized so that the FEA efficiency was improved. Lieu
and Lee introduced the MTOP scheme in the framework of isogeometric analysis (IGA) to reduce the computational cost
of topology optimization of IGA with high resolution optimized results [41,42]. Bruggi and Verani [43] adaptively changed
the underlying grid with triangle elements after each optimization cycle based on the indicators of compliance error and
topological error. Wang et al. [44] used an adaptive design variable point to describe material density filed by Shepard in-
terpolants to improve interface resolution, and the FEA mesh was coarsely fixed to save computational cost. Nana et al.
[45] applied h-adaptation to refine interface area, and coarsened fully solid and void areas for tetrahedral meshes. Chau
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et al. [46] proposed an adaptive polygonal mesh for multi-material topology optimization based on polytree data structure.
Salazar de Troya and Tortorelli [47] developed an adaptive mesh refinement in stress-constrained topology optimization.
Vogel and Junker [48] presented an adaptive thermodynamic topology optimization method, and the adaptability was also
utilized to enlarge coarse structures for more detailed structures.

However, there are still some disadvantages in the existing AMR methods such as: (a) The FEA meshes are mostly refined
every certain number of iterations, i.e., the FEA meshes are updated in stages. Thus, the FEA meshes are not totally adaptive
to the topological changes of structures, which decreases the FEA accuracies. (b) Since elements in different sizes appear
on a mesh, the so-called hanging nodes may emerge. To overcome the incompatibility between adjacent elements, a type
of widely used method adds constraints on the DOFs of the hanging nodes through Lagrange multipliers or penalization
[48-50]. Since the DOFs of hanging nodes are enforced to satisfy the supposed constraints, which implies no DOFs exist at
the hanging nodes, the FEA accuracies of the elements with hanging nodes are compromised [51]. (c) Existing AMR methods
start with coarse meshes and then refine locally or globally. From the perspective of optimization, the coarse meshes in the
early stage will make the search space become smaller compared to fine meshes, which makes it easy to fall into local
optimal solutions. Although subsequent refinement processes are performed, the final designs have non-neglected errors
induced by the results of coarse mesh stage. (d) For the AMR-related methods that separates design variable meshes from
FEA meshes, the design variable meshes are fine and adaptive to obtain high-resolution topological solutions, while FEA
meshes are coarsely fixed to decrease the computational costs. Although the design variable meshes are fine enough, coarse
FEA meshes may result in inaccurate optimization results.

To overcome the abovementioned disadvantages, this study proposes an adaptive three-level mesh method (ATMM) with
the following advantages: (a) ATMM updates the mesh in each iteration, once the lower-level elements together change into
voids or solids, they will merge into higher-level elements, and once the higher-level elements change into gray elements,
they will return to the fine elements. Thus, the constructed meshes of ATMM are always conformed to the topological struc-
ture in each iteration. (b) ATMM employs the hybrid-order serendipity elements to construct shape functions of elements
with hanging nodes, which satisfies the shape function interpolation conditions as the standard finite elements and the
DOFs of hanging nodes are independently calculated instead of being dominated by other DOFs as the conventional AMR
methods, so as to guarantee the solution accuracy. (c) ATMM starts from the uniform fine elements ensuring that there is
a large enough search space, and then coarsens the fully solid or void areas where the design variables tend to be stable,
thus the suboptimal results potentially caused by the coarse meshes in the early stage can be avoided. (d) ATMM adaptively
places higher-level elements in solid or void regions to construct the FEA meshes, which improves the FEA accuracies of the
topological structures compared to those obtained from the fixed coarse meshes.

The remainder of this paper is organized as follows. Section 2 presents a brief overview of SIMP-based topology op-
timization. Section 3 discusses the ATMM including the three-level meshing scheme for design domain, the FEA for the
three-level mesh, and the implementation of sensitivity analysis and filter. The flowchart of the algorithm implementation
is presented in Section 4. Numerical examples including MBB beam, 3D cantilever, and compliance mechanism are shown
in Section 5, and conclusions are given in Section 6.

2. An overview of SIMP-based topology optimization

In SIMP-based topology optimization, the material distribution problem of the topology optimization is modeled as mate-
rial density distribution. Each element in design domain is assigned a density between 0 and 1, which determines elemental
Young's modulus as follows:

Ee(Xe) = Emin + X2 (Eo — Enin), Xe € [0, 1] (1

where x. is the eth elemental density and E. is its Young’s modulus, Ey is the Young’s modulus of solid elements whose
densities are equal to 1. E, is the Young’s modulus for void elements, which is a small value to avoid the singularity of
stiffness matrix, and p is the penalization factor to push the element densities toward O or 1.
Compliance minimization subjecting to a given volume is the classical problem in topology optimization, which can be
formulated as
Find : x = (X1, X2, X3...,X\)"
N
Min : c(x) = JUTKU = 1 3 Ee(xe)ulkoue
e=1

Vx) <VWf
st. : 1 KU=F
0<x<1

(2)

where x=( x1,%2,X3....xy)T is the design variable vector; N is the total number of elements; c is the structural compliance; U
and u, are the global displacement vector and element displacement vector, respectively; kq is the element stiffness matrix
for elements with unit Young's modulus; K is the global stiffness matrix; V and V(x) are the volume of the design domain
and material usages, respectively; f is the prescribed volume fraction.

The above optimization problem can be solved by using either gradient-based algorithms such as optimality criteria (OC),
method of moving asymptotes (MMA) and sequential quadratic programming (SQP) or non-gradient methods such as genetic
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algorithms (GA), detailed information about these algorithms can be referred to [52,53]. This paper adopts OC method as
the optimization solver due to its numerical efficiency and simplicity, and a heuristic updating scheme of design variables
according to OC is given by

max (0, xe —m)  if x.B} < max (0, x, —m)
X = Imin(1,x.+m) if xeB! > min (1,x, + m) (3)
XeBY otherwise
where m is a positive move limit, n is a numerical damping coefficient, B, is obtained from the optimality condition as
33*6
Be= =35 )
0Xe
where Lagrange multiplier A must satisfy the volume constraint, i.e., V(x(1)) = V,f, and it is iteratively calculated by the
bisection algorithm.
Sensitivities of the objective function ¢ and the material volume V with respect to the elemental density x. are derived

as
ac 1,
e = —ing ](Eo - Emm)ugkeue (5)
b1%
Era ©

where V, is the volume of the eth element.
To address the numerical problems in topology optimizations such as checkboard patterns, mesh-dependency and local
minima, the sensitivity filter scheme is utilized in this paper. The sensitivity is modified as

ac

—=—"—"5% Hgx 7
dxe  max(y, xe)ZH EZ: ”Si )
where y is a small positive number (typically y=0.001) introduced to avoid division by 0, and N, is the set of elements i
defined as

Ne = {i | dist (i! E’) = rmin} (8)

where dist(i, e) represents the distance between the centers of element e and element i, and r,;, is the filter radius. The
weight factor H; in Eq. (7) can be written as

H,; = max (0, ry;, — dist (i, e)) 9)
3. An adaptive three-level meshing method

3.1. Three-level meshing scheme for design domain

In density-based topology optimization, it is not necessary to apply over-dense mesh to the purely solid or void regions
of a structure [44]. Instead of using globally fixed mesh, ATMM places coarse meshes in the purely solid or void regions,
and places fine meshes in the gray regions, which are the transition regions between solid and void regions, to improve the
computational efficiency without loss of accuracy.

To implement the three-level meshing scheme, the elements are divided into three different levels named fine elements
(level 1), middle elements (level 2) and coarse elements (level 3), respectively, as shown in Fig. 1 (2D problem). The design
domain is divided by fine elements initially, as optimization progresses, some elements will become solids or voids. When
four fine elements together become solids or voids in one iteration, they will merge into a middle element, and when four
middle elements together become solids or voids, they will merge into a coarse element.

It is worth noting that only the two elements from the same level or adjacent levels are allowed to be adjacent to each
other, i.e., coarse elements (level 3) cannot be adjacent to the fine elements (level 1). If coarse elements are allowed to be
adjacent to fine elements as shown in Fig. 2, in order to preserve the compatibility between the elements in level 3 and
level 1, the number of nodes on each element boundary may be 3 or 2 (see Fig. 2). Besides, it may also be 1 in the case
that elements are adjacent in adjacent levels. The diversity of the number of boundary nodes increases the complexity of
programming and reduces the overall computational efficiency. Therefore, the coarse elements cannot be adjacent to the
fine elements, which is considered as a constraint in the three-level meshing scheme.

To identify whether four fine elements together can merge into a middle element, as shown in Fig. 3 (a), fine elemental
densities are projected to the densities of the center nodes of middle elements, which are termed as M-nodes herein. The
projection criteria between the densities of fine elements and M-nodes is given by

D Xe
eeNy

denM; = 1

(10)
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Fine element Middle element Coarse element
(level 1) (level 2) (level 3)
S
. .
Four solid or void fine elements Four solid or void middle elements
merge into a middle element merge into a coarse element

Fig. 1. The formation process of the three-level mesh.

I

Boundary node | |
@® Vertex |

(b)

Fig. 2. Transition between the coarse and fine elements: (a) a coarse element is adjacent to fine elements, and (b) a coarse element is adjacent to both
fine and middle elements.

where denM; represents the density of the ith M-node, Ny is the set of the four fine elements around ith M-node. After
the projection, denM; = 0 or 1 means the four elements around the ith M-node are all solid or void elements and these
elements can merge into a middle element. Setting the M-nodes with 0 or 1 density as active M-nodes, the four elements
around one active M-node can merge into a middle element.

To identify whether four middle elements together can merge into a coarse element, as shown in Fig. 3 (b), the densities
of the M-nodes are projected to the densities of the center nodes of coarse element, which are termed as C-nodes hereafter.
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Center nodes of middle elements (M-nodes)

@ Center nodes of coarse elements (C-nodes)

Fig. 3. Projecting element densities:(a) fine element densities to the densities of M-nodes, and (b) the densities of M-node to the densities of C-nodes.

The projection between the densities of M-nodes and C-nodes is given by

> denM;

denC; = M (11)
i 4

where denC; denotes the density of the jth C-node, N¢ is the set of the four M-nodes around the jth C-node. After projection,
four middle elements together around the jth C-node are void or solid can be parameterized by denC; = 0 or 1. As mentioned
above, four solid or void fine elements around one M-node can merge into a middle element. If the merged coarse element
is adjacent to fine elements, four solid or void middle elements around one C-node are not permitted to merge. Therefore,
denC;= 0 or 1 is not the criterion that the four middle elements together around the jth C-node can merge into a coarse
element, and some constraints must be added to avoid coarse and fine elements are adjacent. This can be implemented by
checking the adjacent C-node densities around one C-node with O or 1 density. If the adjacent C-node densities are not all
equal to 0 or 1, according to the two projection rules mentioned above, there are fine elements (level 1) adjacent to the
coarse elements (level 3). For example, as shown in Fig. 4, the adjacent C-node densities around the 5th C-node (i.e., the
densities of 6th, 8th, 4th and 2-nd C-nodes) are not all equal to 0 or 1 (the density of the 8th element is not equal to O or
1), and the fine elements will be adjacent to the coarse element if the 4 middle elements around 5th C-node emerged. It is
obvious that if the density of a C-node and its adjacent C-node densities are all equal to O or 1, four middle elements around
the C-node can merge into a coarse element. Setting the C-nodes satisfying the above two constraints as active C-nodes, four
middle elements around the active C-nodes can merge into a coarse element.

If some C-node’s adjacent C-nodes do not exist in the design domain, it is proper to check the densities of C-nodes
within the design domain (e.g., as shown in Fig. 4, the 6th C-node does not have a downside C-node in the design domain,
we can just check whether the densities of 3th, 5th and 9th C-nodes are all 0 or 1 to identify whether the four elements
around the 6th node can merge into a coarse element).

In summary, by projecting fine element densities to M-node’s densities and projecting M-node’s densities to C-node’s
densities, four fine elements around an active M-node can merge into a middle element, and four middle elements around
an active C-node can merge into a coarse element. It is noted that whether the C-nodes and M-nodes are active should
be identified in each iteration, if one C-node or M-node is inactive, the merged middle elements will return to the fine
elements, and the merged coarse elements will return to the middle elements or fine elements. Thus, the transformations
between low-level elements and high-level elements are mutual.

The proposed three-level meshing scheme can be easily extended to 3D cases as shown in Fig. 5, and higher level el-
ements can also be extended, i.e., coarse elements (level 3) can also merge into a coarser element (higher level) if it is
necessary in large-scale problems.

In the three-level meshing scheme, if the initial fine element size is relatively big, the optimization accuracy may be
influenced. The energy error indicator of strain field can be used to determine the initial fine element size, and ensure the
accuracy when the elements are merged [54].
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Fig. 4. Illustration whether four middle elements around a C-node can merge into a coarse element.
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Fine element Middle element Coarse element
(level 1) (level 2) (level 3)

Fig. 5. The three-level meshing scheme for 3D case.

3.2. Finite element analysis for the three-level mesh

After the design domain is meshed according to the above-mentioned three-level meshing scheme, how to implement
FEA is the key issue since the elements in different levels have different sizes. To preserve the compatibility of adjacent
elements, the hybrid-order serendipity elements are introduced in this section, and the calculation of the element stiffness
matrices for different types of serendipity elements and assembly of global stiffness matrix are also discussed.
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>

1
e

Fig. 6. Comparison of nodal distribution between Lagrange elements and serendipity elements in different orders. (a) Lagrange elements; (b) serendipity

elements.

Fig. 7. The case that 5-node Serendipity element is utilized to preserve the compatibility between the elements of level 3 and level 2.

3.2.1. Hybrid-order serendipity elements

Compared to the conventional Lagrange elements whose nodes may exit inside elements, a major difference in serendip-
ity elements is that they are constructed with nodes only on elemental boundaries, as shown in Fig. 6. For linear elements,
the serendipity elements are identical to Lagrange elements. As the element order increases, the Lagrange elements have in-
creasing interior nodes compared to serendipity elements without interior nodes, which will increase the number of DOFs.
Due to the high efficiency, serendipity elements are used in this study, which will be further extended to the hybrid-order
Serendipity elements that are the hybrid from linear and quadratic Serendipity elements. Cubic or higher order elements
are out of our scope, their details can be referred to [55].

Another advantage of serendipity elements is that its availability in the transition between the elements with different
sizes, since the boundary nodes (exclude vertexes of an element) of serendipity elements can change, i.e., the nodes on the
elemental boundaries may be present or absent. Thus, serendipity elements with 8-node and 4-node can produce those
with 7-node, 6-node, and 5-node, which are named as hybrid-order serendipity elements which mix liner elements and
quadratic elements. Although the hybrid-order serendipity elements employed in this paper are not standard serendipity
elements, they are still regarded as general serendipity elements for convenience. As shown in Fig. 7, the 5-node serendipity
element can be utilized to implement the compatibility between elements of level 3 and level 2. In Fig. 7, elements in
level 2 exist on the right of level 3, but during optimization, elements in level 2 may exist in any orientations such as the
down, right, up, and left of level 3. Therefore, for the compatibility between the elements in level 2 and level 3, elemental

boundary nodes should also exist on any elemental boundaries in level 3. Thus, there are totally 16 (i.e., 2 = 16) types of

serendipity elements in level 3 for the compatibility between the elements in level 2 and level 3, they are shown in Fig. 8.

The above discussion is about the compatibility between the elements in level 3 and level 2, and it is also suitable for
the transition between the elements in level 2 and level 1. Hence, there are also 16 types serendipity elements in level 2,
which are the same as the serendipity elements in level 3 shown in Fig. 8 except the different element sizes. Elements in
level 1 do not need to be compatible with the element in the lower level, as it is the lowest level and has only one type of
element: 4-node serendipity element.

Finally, the compatibility among three-level elements includes the compatibility between elements in level 3 and level
2, and the compatibility between the elements in level 2 and level 1, as shown in Fig. 9.

In 3D cases, the hexahedral serendipity elements can ensure the compatibility of the hexahedral elements in different
levels, as shown in Fig. 10. Similar to the situation that nodes may exist on any boundary of rectangle elements in 2D
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1 4 7 10 10 nl 4 7 10 13
5 Ig 2 5 8 11 14
““Hanging
node
E] 11 11 3 6 9 12 5
Constraint: Ug = (U; + Uy)/2
F=1 F=1 F=1
(a) Add constraint to handle (b) Adopt hybrid-oder serendipity (c) No hanging nodes with
hanging nodes elements to handle hanging nodes uniform fine mesh
compliance=16.0870 compliance=16.1692 compliance=17.2863

Fig. 8. The 16 types of serendipity elements in level 3.

Fig. 9. Compatibility among the three-level elements.

1t 1 283746556 7 1 19 37 4 55 647 1 19 37 46 55 4 73
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4 13 22 31 40 49 58 67 76 40[—4p—s8 tB 4042 77
sb—4—23—39—a{—54—54—68—7 I:> 5 23 411 30 359 7 E 5 23 411 50 59 68 77
6t 33—47—51—60—69—7

43 79 79
7t 34 43 52 61 70 7 T—2= &l g—ol
8 1 2 DI 0. 7 [}V,

45 63 63 81
9 18 27 36 45 3 03 72 8§ ol—21 & 9 45

Fig. 10. Compatibility between the 3D elements in different levels.

cases, they may exist on any face of hexahedral elements in 3D cases; thus, there are totally 64 (i.e., 2 = 64) types of

hexahedral serendipity elements for the compatibility between the hexahedral elements in different levels

At the end of this section, we use a small test to discuss the advantages of adopting the hybrid-order serendipity ele-
ments to deal with hanging nodes with respect to FE accuracy compared to that of adding constraints in conventional AMR
methods as mentioned in the introduction. The problem is to calculate the compliance of the cantilever beam as shown in
Fig. 11. The Young’s modulus and the Poisson’s ratio of the cantilever beam are set to 1 and 0.3, respectively. Fig. 11 (a) adds
constraint Ug = (U; + Ug)/2 on the hanging node, Fig. 11 (b) adopts the abovementioned 5-node serendipity element, and
Fig. 11 (c) is the benchmark with uniform fine mesh. Compared to the compliance (16.0870) in Fig. 11 (a), the compliance
(16.1692) in Fig. 11 (b) is closer to the referenced compliance (17.2863) in Fig. 11 (c), which demonstrates the FE accuracy
using hybrid-order serendipity elements is better than adding constraints on hanging nodes. It is without loss of generality
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Fig. 12. Illustration for discussing the shape functions of each type of element.

since DOFs of hanging nodes are independently calculated in hybrid-order serendipity elements, while there is actually no
DOFs existing on hanging nodes in the constraint-adding method. The hybrid-order serendipity elements have more inde-
pendent DOFs than constraint-adding methods under the same mesh, so they have better performance in FE accuracy.

3.2.2. Calculation of the element stiffness matrices

To calculate the element stiffness matrices, shape functions of each type of element must be known in advance. De-
tailed derivation of shape functions can be referred to [56]. For the 8-node serendipity element shown in Fig. 12, its shape
functions are given by

Ns=35(1-8)1-m). Ne=3(1-n°)(1+§)

Ny =3(1-8)A+m), Ng=3(1-n°)(1-§) (12)

Ny =Ny = N5 — 3N, No = Ny = 3N — 3N

N3 =N, — INg—IN;, Ny=N, — IN; — INg
where N; (i = 1, 2 ... 8) is the shape function at the ith node, and N} (j =1, 2, 3,4) is the shape function of well-known
4-node rectangle Lagrange element, which can be written as

1 ,
N/j = Z(l +EE)(1+nm)j=1.2.3 4 (13)

where (&, ;) is the nature coordinate of node j. Up to now, the shape functions of 8-node serendipity elements are obtained.
For the other 15 types of serendipity elements mentioned in Fig. 8, the following shape function construction method is
utilized. If any node in 5, 6, 7 and 8 shown in Fig. 12 is absent, the shape function at that node is set to 0; for example,
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Table 1
Identification criterion of different types in serendipity elements.
Element levels Element types Identification criterion
Middle element 4-node All adjacent M-nodes around the element are active M-nodes
5-node Three of adjacent M-nodes around the element are active M-nodes
6-node Two of adjacent M-nodes around the element are active M-nodes
7-node One of adjacent M-nodes around the element is active M-nodes
8-node None of adjacent M-nodes around the element is active M-nodes
Coarse element 4-node All adjacent C-nodes around the element are active C-nodes
5-node Three of adjacent C-nodes around the element are active C-nodes
6-node Two of adjacent C-nodes around the element are active C-nodes
7-node One of adjacent C-nodes around the element is active C-node
8-node None of adjacent C-nodes around the element is active C-node

if node 5 does not exist, we should set N5 in Eq. (12) to O, then the shape functions of the element excluding node 5 are
constructed. In this way, the shape functions of other 15 types of serendipity elements can be obtained. The shape function
construction of the 64 types in 3D serendipity elements is similar to the 2D case, which is generally implemented by simple
interpolation using the shape function properties. The element stiffness matrix kg is the integral of the strain-displacement
matrix B and elasticity matrix D in the form of

ko = fB"DB d2 (14)
Q
where 2 denotes the design domain, D is a constant matrix determined by Young’s modulus and Poisson’s ratio, and B can
be expressed as the differentiation of shape functions in the form of

B=[B; By Bs...By]

8N,-/8x 0 0
0 aN;/dy 0
0 0 dN;/0z (15)

B = (i=1,2 3...n)

8N1/8y 8Nl-/8x 0
3N,‘/8Z 0 8N,»/3x

where n denotes the nodal number in an element. Since the shape functions of each element are obtained, the matrix B
can be calculated by Eq. (15), and then Eq. (14) can be calculated through Gaussian integral. Finally, the element stiffness
matrices for all serendipity elements are obtained.

3.2.3. Assembly of the global stiffness matrix

The core to assemble the global stiffness matrix is to find out the relationship between the local node DOF indices and
global node DOF indices. It is equal to construct the relationship between local node identities (IDs) and global node IDs,
since DOF indices can be easily derived through node IDs.

Before numbering local node IDs, the type of elements must be known primarily. For fine elements, there is only one
type, i.e., 4-node serendipity elements; for middle elements or coarse elements, there are 4-node, 5-node, 6-node, 7-node,
and 8-node serendipity elements, and the identification criterion of different types of elements is listed in Table 1. For 5-
node, 6-node, and 7-node serendipity elements, they can be subdivided into different types of elements according to the
orientation of boundary nodes shown in Fig. 8. In this case, the specific orientation (i.e., down, right, up, and left) of active
M-nodes (C-nodes) determines the specific type of 5-node, 6-node, and 7-node serendipity elements. After the types of
elements are determined, it is apparent that the element in local node IDs can be easily numbered.

Fig. 13 gives the numbering scheme in three-level meshes with different elemental sizes, which can be stated as follows.
Firstly, the node IDs are numbered on the fine mesh one by one. Secondly, when four fine solid or void elements merge into
a middle element, remove those node IDs which disappear owing to the merging operation, at the same time, keep other
node IDs unchanged. Finally, when four middle elements merge into a coarse element, repeat the previous step. Obviously,
this numbering scheme can be extended to 3D cases.

After the local node IDs and global node IDs are numbered, the relationship between the local node IDs and global
node IDs can be easily obtained. Taking the coarse element in Fig. 14 as an example, the local node IDs 1, 2, 5, 3, 6 and 4
correspond to the global node IDs 9, 45, 43, 41, 23 and 5. Once the corresponding relationship of each element is known,
the global stiffness matrix can be assembled.

As the global node IDs are not numbered in the usual way that their numbers are increased one by one, the DOFs of the
disappeared node IDs should be gradually removed in the global stiffness matrix, that is why FEA in the three-level meshes
is more efficient.

384



Y. Wang, W. Zheng, Y. Zheng et al. Applied Mathematical Modelling 109 (2022) 374-400

110 19 28 37 46 55 64 73 —L 37 46 55 o T 1—2 37 46 55 &4 73
2H26—29-38—41—56—65— 3847 5—7 33— —p—op T
30221 30 39 48 57 66 73 S—2l—39 48 57 66 TS 32 30 4k 5 &6 T
4132231404958 6776 404958677 40|—4p—S8—G7 7
S w9 e o s—p—dbsi s e s s 23] 41| 50 ) 68 Ty
615 33— —51—60—69—7

71625 —34—43—53—61—76—79 R ppl—of P
8T 3553623 —78

ol 30—44—54—63—73—8 9 27 45 63 81 9 45 63 81

Fig. 13. Numbering the global node IDs in three-level meshes.
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Fig. 14. Relationship between the coarse element local node IDs and global node IDs.

3.3. Sensitivity analysis and filter

To implement the sensitivity filter in the three-level mesh with different element sizes, the three-level mesh is projected
to the fine mesh as shown in Fig. 15. A coarse element is projected to 16 identical fine elements and a middle element
is projected to 4 identical fine elements (2D problem). Physical quantities to be projected are the element densities and
sensitivities. Here, we describe the element densities before and after the projection as x. and xg, respectively. For fine
elements, the element densities and sensitivities remain unchanged before and after projection. For the middle elements
and coarse elements, element densities should also remain unchanged to ensure that the gray levels are consistent during
projection. The relationship of element sensitivities during projection can be deduced by the chain rule:

de _ o o _ e 1
0xp  0Xe 0Xg  0Xe Enum

(16)

Where E,,m represents the number of fine elements projected from one element. In 2D cases, Enum of fine elements, middle
elements and coarse elements are 1, 4 and 16 respectively, while in 3D cases, they are 1, 8, and 64 respectively.

After element densities and sensitivities are projected from the three-level mesh, the sensitivity filter can be performed
on the projected fine mesh as that used in conventional topology optimization.

4. Algorithm implementation

This section presents flowchart of the overall algorithm implementation, and several remarks are provided with the
purpose of further elaborations about ATMM.

4.1. Flowchart of the whole algorithm

The overall algorithm implementation of ATMM is presented in Fig. 16. The steps with green boxes (i.e., three-level
meshing scheme, FEA, and sensitivity analysis and filter) are associated with the proposed ATMM, which will be further
discussed. As the other steps are the same as the classic topology optimization, which are not explained in detail here. The
detail algorithm implementations of three-level meshing scheme, FEA, and sensitivity analysis and filter are listed in Table 2,
Table 3 and Table 4, respectively.
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Fig. 15. Three-level mesh is projected to the fine mesh.

Table 2
Algorithm implementation of three-level meshing scheme.

Algorithm 1 Three-level meshing scheme

: Calculate C-node densities and M-node densities.

: Find all active M-nodes.

: Merge the 4 (in 2D) or 8 (in 3D) fine elements around each active M-node into a middle element.

: Find all active C-nodes.

: Merge the 4 (in 2D) or 8 (in 3D) middle elements around each active C-node into a coarse element.

g W N =

Table 3
Algorithm implementation of FEA.

Algorithm 2 FEA

1: Calculate the element stiffness matrices of the 16 (for 2D) and 64 (for 3D) types of serendipity elements according to the shape
functions.

2: Determine the type of each element and number the element local node IDs.

3: Number the global node IDs according to the scheme proposed in Section 3.2.3.

4: Calculate the node DOFs according to the node IDs.

5: Assemble the element stiffness matrices into global stiffness matrix according to the relationship between the local node DOFs and
global node DOFs.

6: Solve FE equation to obtain the displacement filed.

Table 4
Algorithm implementation of sensitivity analysis and filter.

Algorithm 3 Sensitivity analysis and filter

1: Calculate the sensitivity of each element according to the obtained displacement filed.

2: Project the three-level mesh into the fine mesh, and convert the element densities and sensitivities of the three-level elements into
that of fine elements.

3: Perform sensitivity filter on the projected fine mesh as the conventional topology optimization.

4.2. Remarks about ATMM

Four remarks for further elaborations about ATMM are mentioned below.

(1) ATMM declares that fine elements together with density equal to 0 or 1 can merge into a relatively coarser element. The
constraint that the density equals to 0 or 1 can be relaxed with setting upper and lower thresholds. That is, fine elements
together with density bigger than the upper threshold or smaller than the lower threshold (e.g., upper threshold equals
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Fig. 16. Flowchart of the overall algorithm implementation.

to 0.99, lower threshold equals to 0.01) can merge into a relatively coarser element. This relaxation would increase the
proportion of coarse elements and decrease the DOFs of FEA.

(2) According to the research in [26], the densities of some coarse elements can be reduced so that the updating of design
variables can be avoided, since their element densities keep stable at 0 or 1.

(3) In addition to the projection method is adopted to implement filter, other filter schemes can be also applied to ATMM,
e.g., the filter can works directly on the three-level mesh, through applying large filter radius to the coarse elements and
small filter radius to the fine elements, which can be referred to [57].

(4) ATMM is not limited to the three-level mesh, more levels can be extended, if necessary. Coarse elements can merge
into a coarser element and continuously proceed in this way to pursue higher-level element, but it also increases the
complexity in programming.

5. Numerical examples

To demonstrate the effectiveness, high efficiency, and accuracy of the proposed ATMM, three benchmark numerical ex-
amples including MBB beam, 3D cantilever, L-shaped beam, and compliant mechanism, are tested in this section. In all
numerical examples, unless otherwise specified, the Young’s modulus of the solid and void material (i.e., Ey and E;,) are

set to 1 and10~2, respectively, Poisson’s ratio is set to 0.3, filter radius is taken as 1.5, volume fraction is set to 0.3. The
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Fig. 17. Design domain, boundary conditions and external force of a half MBB beam.

Table 5
The total time and final compliance comparison between top99 and ATMM.

Total time of top99 (t;)  Total time of ATMM (t;)  Speed up t;/t; Compliance of top99 (¢c;)  Compliance of ATMM (c;)  Error %

92.9 second 54.3 second 1.7 127.57 127.65 0.063%

convergence criterion for all examples is: max(abs (x®) — x(k = 1Y) < 0.01, i.e,, the maximum difference between the design
variables in two consecutive iterations is less than 0.01.

The classic top99 code (in 2D case) and its derivative codes (in 3D case) are adopted to compare the numerical per-
formance with the proposed ATMM. Although there are more efficient top88 code [58] and its 3D form [53], their high
efficiency is just implemented by the efficient use of MATLAB, i.e., loop vectorization, instead of improving the efficiency
in the algorithm themselves. The three-level mesh algorithm speeds up topology optimization fundamentally, instead of
the vectorization in MATLAB. Therefore, the proposed ATMM is a general algorithm. When efficient programming languages
(e.g., C++ and Fortran) are used, it is believed that the proposed algorithm can perform better than top88 in terms of com-
putational efficiency due to the reduction of DOFs. In this paper, all the codes are run on MATLAB, and thereby it is fair to
compare the proposed ATMM with top99 and its derivative 3D codes without loop vectorized.

5.1. MBB beam

MBB beam is utilized to verify the accuracy and efficiency of the proposed method. The design domain, boundary con-
ditions and external force of a half MBB beam are illustrated in Fig. 17. The design domain is discretized into 120 x 60
elements, which is the initial fine mesh with uniform elements in level 1.

Fig. 18 (a) depicts the optimized structures with some intermediate optimization steps and the converged step for top99,
and Fig. 18 (b) shows the optimized structures and meshes with the same intermediate steps and the converged step for
ATMM. As shown in Fig. 18, the material distribution optimized by ATMM is consistent with the standard top99 code in
different iteration steps, which demonstrates the effectiveness of the proposed method. Besides, there is little difference in
convergence performance between ATMM and top99, top99 obtains the final structure at step 288, while ATMM is at step
286. Additionally, we can find that the structural mesh in the first step is composed of fine elements (in Fig. 18 (b)), as op-
timization progresses, the structures gradually become white and black and the mesh is composed of higher-level elements
(i.e., middle elements and coarse elements). The fine elements in ATMM are mainly distributed at the structural boundaries,
i.e., transition regions between black and white areas, which proves the promise of the meshing scheme, as boundary areas
do need to be described by fine elements for obtaining accurate structures in density-based topology optimization. Since
the higher-level elements are applied in the solid or void area of a structure instead of uniform fine elements used in top99,
it can be deduced that the structural DOFs in ATMM are fewer than top99, and therefore the time cost in each iteration is
less than top99.

The quantitative comparisons in DOF and time between top99 and ATMM are depicted in Fig. 19. In Fig. 19, DOF percent-
age means the percentage of ATMM DOFs with respect to that of top99 during iterations, as the optimization progresses,
the DOF percentage gradually decreases from initial 100% to about 50% at the end due to the three-level meshing scheme.
It is also observed that the 50% DOFs retains a relative long iteration period approximately from step 125 to the converged
step 286, which guarantees the high efficiency of ATMM. Time comparison shows that the computational time of ATMM in
each iteration is less than top99 due to the DOF reduction, with the 50% DOFs reduction, the time in each iteration can be
reduced up to 47% compared to top99, which proves the high efficiency of ATMM.

To further demonstrate the efficiency and accuracy of the proposed method, the total running time during optimiza-
tion and the final compliance of top99 and ATMM are listed in Table 5. The speed up value of total time is 1.7 with only
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Fig. 18. The optimized MBB structures at different steps: (a) top99, and (b) ATMM (left) with the applied mesh (right).

0.063% objective function (compliance) error, which demonstrates that the three-level algorithm not only possesses of high
computational efficiency, but also has a reliable optimization result.

In SIMP-based topology optimization, it has been proved that there are still some intermediate densities in the final
structure, even though the penal factor is introduced [59]. In Fig. 19, it is found that about 50% DOFs are reduced in the
mid-late iterations, which is in the case that quite a few intermediate densities exist in the corresponding structures. It is
believed that DOFs will be further reduced if a gray-scale suppression method is introduced, since more coarse and middle
elements can be formed. Here, the gray-scale suppression method implemented by modified OC is adopted [26], such as

1

1 + e—O((Xnew—O.S) (17)

X/new =
where xpew is the design variables updated by OC, X/, is the final design variables. It means that the final design variables
are firstly updated by OC and then obtained through Eq. (17), which is called the modified OC. The coefficient « is a param-
eter determining the degree of gray-scale. In this paper, we set o as a constant value of 15. As declared in this method, it
should be applied in the late stage of topology optimization since the topological structure is not stable in the early stage.
The late stage of topology optimization in this paper can be identified by the relative variation of DOF percentage, which
can be expressed as

(DOF_per®=i+1) — DOF_per(k-2-0))

TMe

DOF_ch = (18)

% DOF_per(k-i+1)
i=1

where DOF_ch represents the relative variation of DOF percentage; k denotes the current iteration number; DOF_per is
the DOF percentage of ATMM with respect to top99. When DOF_ch is smaller than a small threshold & (e.g., & is set to
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Fig. 20. Comparisons of DOF percentage and time per iteration between ATMM and ATMM-GS.

0.00005), i.e., the DOFs of the mesh are almost unchanged, the gray-scale suppression starts to be employed to suppress the
gray elements, such that the DOFs can be further reduced.

Hereafter, for the convenience of description, the ATMM with gray-scale suppression is terms as ATMM-GS. Fig. 20 shows
the DOF percentage and time per iteration comparisons between ATMM and ATMM-GS during optimization. It can be seen
that the DOFs can be further reduced from 50% to 36% after the gray-scale suppression is employed at iteration 212, and
the time in each iteration starts to be reduced from 0.17s to 0.13s. Additionally, we can also find that the convergence with
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Fig. 21. Comparisons of the final optimized structure and its employed mesh between ATMM and ATMM-GS.

Table 6
Total time, final compliance, iteration number, and achieved minimum DOF percentage of top99, ATMM, and ATMM with gray-scale suppression.
Achieved minimum Time per iteration for
Algorithms Compliance Iteration number DOF percentage the minimum DOFs (s) Total time (s)
Top99 127.57 288 100% 0.32 929
ATMM 127.65 286 50% 0.17 54.3
ATMM-GS 120.40 235 36% 0.13 44.8

gray-scale suppression (converged at iteration 235) performs better than that without gray-scale suppression (converged at
iteration 286). This phenomenon has the generality as more intermediate elements are suppressed, and the densities of most
elements keep stable around 0 or 1, which is especially beneficial to meet the convergence criterion: max(abs (x¥) — x(k = 1))
< 0.01.

Comparisons of the final optimized structure and its employed mesh between ATMM and ATMM-GS are shown in Fig. 21.
It can be seen that the final topological solution of ATMM-GS is almost the same as that of the classic top99 and AMTA,
which demonstrates that the introduction of gray-scale suppression has negligible influence on the topological structure.
Owing to the gray-scale suppression, the final structure becomes nearly black and white without gray elements, and there-
fore, there are more high-level elements in the mesh of structure, which means fewer DOFs are obtained. It arrives at the
preliminary conclusion that the gray-scale suppression can cooperate well with ATMM in terms of computational efficiency
and optimization accuracy.

For comprehensive comparisons,

Table 6 presents the final compliance, iteration number, achieved minimum DOF percentage, time in each iteration when
the minimum DOF percentage is achieved, and the total time of the three different optimization algorithms (i.e., top99,
ATMM, ATMM-GS). As shown in

Table 6, the following four conclusions can be drawn:

(1) Due to three-level meshing scheme, the ATMM can reduce the DOFs of a structure up to 50%. Moreover, when com-
bined with the gray-scale suppression, the DOFs can be further reduced from 50% to 36% since more gray elements are
suppressed, and then more elements become solids or voids, so that the mesh of a structure is composed of coarser
elements with fewer DOFs.

(2) ATMM-GS has better performance than top99 in terms of convergence speed, this can be explained as the gray-scale
suppression further pushes the design variables towards 1/0, and therefore, the convergence condition can be easier to
satisfy.

(3) The final compliance obtained by ATAM has negligible error compared to the standard top99. Furthermore, when working
with the gray-scale suppression, as more gray elements are suppressed the structural materials are more fully used so
that the compliance becomes less than top99, which means the better compliance is acquired.

(4) Due to the three-level meshing scheme, the time in each iteration is just 53% (i.e., 0.17/0.32) that of top99, with the
help of the gray-scale suppression, the time in each iteration can be further reduced to 41% (i.e., 0.13/0.17) that of top99.
In terms of the total time, the ATMM has the speedup ratio of 1.7 compared to top99 as the time in each iteration is
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Fig. 22. Design domain, boundary constraint, and applied load for 3D cantilever.

reduced; the ATMM-GS has the speedup ratio of 2.1 compared to top99, which is not only due to the reduced time in
each iteration but also owing to the reduced number of iterations.

In virtue of the excellent performance of ATMM-GS in MBB beam, ATMM is recommended to combine with gray-scale
suppression for a better effect. In the following numerical examples, the numerical performance of ATMM-GS will be further
demonstrated.

5.2. 3D cantilever

This section selects the 3D cantilever to examine the performance of the ATMM-GS in 3D topology optimization. The
design domain, boundary condition and the applied load is shown in Fig. 22. The initial mesh is with a size of 60 x 40 x 4
to discrete the design domain.

Fig. 23 presents some intermediate optimized structures and the final optimized structure for top3d and ATMM-GS, as
well as the mesh applied to the structures at different steps in ATMM-GS. The usual image display in top3d code only dis-
plays part of the structure with densities greater than 0.5 [53], the structure in Fig. 23 is completely displayed whatever the
densities are. So, it is reasonable to see that the structures in Fig. 23 have quite a few low-density elements. In Fig. 23 (b),
before step 57, the ATMM-GS algorithm is performed by ATMM only, when the relative variation of DOFs becomes smaller
than the threshold (i.e., DOF_ch < &), gray-scale suppression is introduced, ATMM-GS works at step 58 until convergence.

As shown in Fig. 23, the intermediate structures before step 57 optimized by top3d and ATMM-GS are consistent, which
verifies the effectiveness of the ATMM in 3D topology optimization. After step 58, the gray-scale suppression is introduced,
it can be clearly seen that the low-density elements are vanished and the structures become black and white. In top3d,
there are many low-density elements emerged in the intermediate structures and the final optimized structure, so it is of
necessity to introduce gray-scale suppression to overcome this defect. Comparing the final structure between top3d and
ATMM-GS, the topological structure in ATMM-GS is the same as the black part in top3d, which dispels the worries that
the introduction of three-level mesh and gray-scale suppression may lead to the wrong optimization result. Besides, ATMM-
GS greatly accelerates the convergence speed based on the fact that top3d satisfies the convergence condition at step 288,
while ATMM-GS converges at step 74, which can be explained as the polarization effect on densities. Furthermore, seen from
the adaptive three-level mesh shown in Fig. 23 (b), the DOF percentage and time in each iteration will gradually decrease,
whose curves are depicted in Fig. 24. In Fig. 24, the DOF percentage in ATMM-GS can be reduced from 100% to 60% before
gray-scale suppression, and it can be further reduced to 38% after gray-scale suppression used. The corresponding time in
each iteration can be reduced from about 1.35s in top3d to 0.75s before gray-scale suppression, and finally reduced to 0.47s
after gray-scale suppression. In the 2D case (120 x 60) illustrated in Section 5.1, the maximum saving time in each iteration
is 0.19s, while in the 3D case (60 x 40 x 4)it is 0.88s, implying the time consumed in each iteration can be saved more in
large-scale problems.
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Fig. 23. The optimized 3D cantilever structures at different steps: (a) top3d, and (b) ATMM-GS (left) with the applied mesh (right).

Comparisons of the final compliance, total time, iteration number as well as the average time per iteration between
top3d and ATMM-GS are presented in Table 7. Besides, for a fully comparison, Table 7 also presents the results of other two
mesh scales: 100 x 60 x 4 and 100 x 60 x 8.

As shown in Table 7, the compliances of ATMM-GS are all less than that of top3d, which reflects that ATMM-GS has
the ability to find the better material distribution compared to top3d because of the gray-scale suppression. The iteration
number of ATMM-GS is also greatly reduced, which is about half of top3d. The average time in each iteration (i.e., the value
of total time divided by iteration number) shows that ATMM-GS can save about 37%-71% compared to the time of top3d,
which shows the admirable performance of ATMM-GS in terms of computational efficiency. Moreover, as the mesh scale
increases, the average time saved in each iteration becomes greater, which illustrates the ability of ATMM-GS to handle
large-scale problems. Due to the reduced iteration number and average time in each iteration, the total time of ATMM-GS
is much reduced, and the speedup ratios range from 4.2 to 6.0 under three different mesh scales, demonstrating the high
efficiency of ATMM-GS.
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Fig. 24. Curves of DOF percentage and time with iteration of top3d and ATMM-GS.

Comparisons of the final compliance, total time, iteration number as well as the average time in each iteration between top3d and ATMM-GS.

Compliance Iteration number Total time (s) Average time in each iteration (s)
Mesh scale ATMM-GS (top3d) ATMM-GS (top3d) ATMM-GS (top3d) ATMM-GS (top3d)
60 x 40 x 4 380.50 (410.75) 74(195) 62.0 (260.2) 0.838 (1.334)
100 x 60 x 4 468.55 (498.79) 145 (289) 263.9 (1241.8) 1.820 (4.297)
100 x 60 x 8 735.36 (790.04) 129 (224) 631.8 (3762.6) 4.898 (16.797)
Table 8

The comparisons of efficiency and compliance between ATMM-GS and top3d.

Average time in each
iteration (s) ATMM-GS
(top3d)

13.47 (43.48)

Compliance ATMM-GS
(top3d)

3594.31(3921.06)

Iteration number
ATMM-GS (top3d)

204 (354)

Total time (s)
ATMM-GS (top3d)

2748.53 (15391.69)

Mesh scale

80 x 80 x 20

In conclusion, this example has proved two advantages of ATMM-GS compared to top3d: one is the computational effi-
ciency is much improved reflected by the reduction of iteration number, time in each iteration and total time; the other is
the reliable optimization results reflected by the consistent topological configurations and better compliances.

5.3. L-shaped beam

In this section, the L-shaped beam is investigated to verify the efficiency of ATMM-GS. The design domain, external load,
and boundary constraint are shown in Fig. 25. The design domain is initially discretized with 80 x 80 x 20 elements,
where 40 x 40 x 20 elements are suppressed. The volume fraction is set to 0.15, the Young’s moduli and Poisson ratio
remain unchanged.

Fig. 26 presents the final optimized topology structures of ATMM-GS and top3d. It can be seen that the optimized struc-
ture of ATMM-GS is almost the same as that of top3d, which demonstrates the effectiveness of ATMM-GS in the L-shape
beam. The curves of DOF percentage and time with iteration for top3d and ATMM-GS are depicted in Fig. 27. It can be
found that as the DOF percentage in ATMM-GS gradually decreases, the time cost in each iteration decreases as well. The
comparisons of efficiency and compliance between ATMM-GS and top3d are listed in Table 8. Compared to top3d, ATMM-GS
achieves a speedup of 3.2 times on the average time per iteration due to the application of three-level mesh, and has the
speedup of 5.6 on the total time since both the DOF percentage per iteration and iteration number are reduced. ATMM-GS
has obvious advantages over the top3d, in terms of the average time per iteration and the total time. Besides, ATMM-GS has
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Fig. 25. The design domain, external load, and boundary constraint of L-shaped beam.
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Fig. 26. The final optimized structures of top3d and ATMM-GS. (a) the structure optimized by top3d. (b) the structure optimized by ATMM-GS. (c) the FE
mesh applied in the ATMM-GS

less compliance than top3d, which further demonstrates the accuracy in ATMM-GS. So ATMM-GS can significantly improve
the topology optimization efficiency with reliable topologies and accurate objective compliances.

5.4. Compliant mechanism

A 3D compliant mechanism is employed to illustrate the efficiency of ATMM-GS in obtaining the design of force inverter.
Fig. 28 presents the design domain, boundary conditions, and external loads.

Different from the minimum compliance problem, the objection function of the compliant mechanism is to maximize the
negative horizontal output displacement induced by a positive input external force. The mathematical model can be written
as follows:

Find : x = (X1, X2, X3...,XN)"
Min : ¢(x) = —Ugy = —L"U = UJKU

V(x) <Vof (19)
s.t.: KU =F

0<x<1

Where uqy: is the output displacement, L is a vector with 0 at all DOFs except 1 at the DOF of the output point, Uy is a
global adjoint vector which is the solution of Eq. (20). The other variables are the same as Eq. (2). The sensitivity of objective
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Fig. 27. The curves of DOF percentage and time with iteration of top3d and ATMM-GS
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Fig. 28. Illustration of a 3D force inverter.

function with respect to element density can be deduced as Eq. (21), where ug, is the part of U; associated with element e

KU; = -L (20)
gc P (Eg — Emin)tl k 21
Txe = —DXe ( 0 — min)ude elle ( )

The code derived from top3d is utilized as the comparison of ATMM-GS, which is named as topCM. Considering that
the compliant mechanism problem is hard to converge, the maximum iteration number is set to 300. The design domain is
initially discretized into 60 x 40 x 8 elements.
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Fig. 29. The optimized 3D compliant mechanism structures at different steps: (a) topCM, and (b) ATMM-GS (left) with the applied mesh (right).
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Fig. 29 presents some optimized structures for topCM and ATMM-GS. It can be seen that the ATMM-GS can be well
applied to the compliance mechanism problem. The mesh adapts well to topological structure at each step, i.e., the solid or
void areas are exactly filled with relatively coarse elements, which prove the good adaptability of three-level mesh. Before
step 160, the structures optimized by ATMM-GS are nearly the same as those obtained by topCM. After step 160, the gray-
scale suppression is introduced to make the intermediate elements polarization to avoid a few visible low-density elements
exist in the final structure of topCM shown in Fig. 29 (a). Besides, the final structures of topCM and ATMM-GS are almost the
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Fig. 30. Comparison of the final optimized structure between topCM and ATMM-GS.
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Fig. 31. Curves of DOF percentage and time in each iteration for topCM and ATMM-GS.

Table 9
Comparisons of time and displacement between topCM and ATMM-GS.

Algorithm Displacement  Iteration number  Total time (s)  Average time (s)

TopCM -1.7667 300 1428.1 4.76
ATMM-GS  -1.8805 173 460.4 2.66

same, as shown in Fig. 30, which demonstrates the effectiveness of ATMM-GS in obtaining favorable topological structures
of compliance mechanism.

Fig. 31 shows the curves related to DOF percentage and time in each iteration for topCM and ATMM-GS. At the initial
stage, the outline of the optimized structure gradually appeared (see step 1~30 in Fig. 29 (a)), black area was filled with
relatively coarse elements so that the DOFs gradually decrease to 90%. Next, the topological structure has nearly no change
(see step 31~100 in Fig. 29 (a)) so that the DOFs remain stable during these iterations. In step 110~160, gray elements in
topological structures gradually vanish (see step 100~160 in Fig. 29 (a)) so that DOFs are decreased to 30%. Lastly, the gray-
scale suppression is introduced, gray elements are further reduced (see step 160~173 in Fig. 29 (a)) so that the DOFs are
further reduced to only about 20%. Due to the DOFs reduction, it can be seen that the time in each iteration of ATMM-GS
is less than that of topCM, which demonstrates the high efficiency of ATMM-GS. To quantitatively describe this, the total
time of the whole optimization process and average time in each iteration are tested, these results are listed in Table 9. To
demonstrate the accuracy of optimization result of ATMM-GS, Table 9 also presents the output displacements calculated by
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ATMM-GS and topCM. The total time of ATMM-GS only accounts for 32.2% that of topCM, and the average time consumed
in each iteration only accounts for 55.9% that of topCM. Moreover, ATMM-GS can obtain better output displacement. It can
be concluded that the ATMM-GS outperforms than traditional topCM in terms of computational efficiency and accuracy.

6. Conclusions

This paper proposed an adaptive three-level mesh method (ATMM) without loss of accuracy, to accelerate the structural
topology optimization. The key issue of ATMM is to coarsen the elements those are fully voids or solids, and simultaneously
remain the fine elements in the transition regions between solids and voids. The three-level meshing scheme is imple-
mented by the mutual transformations between low-level elements and high-level elements. The 16 (2D case) and 64 (3D
case) types of serendipity elements are introduced to preserve the elemental compatibility between different levels, and a
nodal numbering scheme is given to assemble the global stiffness matrix. The elemental densities and sensitivities in the
three-level meshes are projected to the uniform fine meshes, such that the sensitivity filter and OC updating are performed
as the conventional topology optimization. Additionally, ATMM is recommended to combine with the gray-scale suppression
technology to further reduce the computational costs. Four benchmark examples have been provided to demonstrate that
ATMM can greatly improve the computational efficiency, both the topological layouts and objective function values are accu-
rately reserved, which shows that ATMM has bright prospects to solve the large-scale problems. The variable-node elements
[60,61], which can have arbitrary nodes on the element side, are taken into consideration to implement a more flexible
mesh refinement for more complex topology layout in our future work. The combination of parallel computing and ATMM,
and the unstructured meshes or meshes with other element types are also taken into considerations.
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