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Abstract: With the continuous advancement in topology optimization and additive manufacturing (AM) technology, the capability to fabricate functionally graded materials and intricate cellular structures with spatially varying microstructures has grown significantly. However, a critical challenge is encountered in the design of these structures–the absence of robust interface connections between adjacent microstructures, potentially resulting in diminished efficiency or macroscopic failure. A Hybrid Level Set Method (HLSM) is proposed, specifically designed to enhance connectivity among non-uniform microstructures, contributing to the design of functionally graded cellular structures. The HLSM introduces a pioneering algorithm for effectively blending heterogeneous microstructure interfaces. Initially, an interpolation algorithm is presented to construct transition microstructures seamlessly connected on both sides. Subsequently, the algorithm enables the morphing of non-uniform unit cells to seamlessly adapt to interconnected adjacent microstructures. The method, seamlessly integrated into a multi-scale topology optimization framework using the level set method, exhibits its efficacy through numerical examples, showcasing its prowess in optimizing 2D and 3D functionally graded materials (FGM) and multi-scale topology optimization. In essence, the pressing issue of interface connections in complex structure design is not only addressed but also a robust methodology is introduced, substantiated by numerical evidence, advancing optimization capabilities in the realm of functionally graded materials and cellular structures.
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1  Introduction

With remarkable demands for promoting the performance of structures in numerous areas, topology optimization is appreciated increasingly. After years of tremendous development, various approaches to topology optimization are proposed, including homogenization method [1,2], variable density method [3–5], level set method [6–9], evolutionary method [10,11], Moving Morphable Components (MMC) method [12,13] and other methods. Each topology optimization method has its superiority, meanwhile, has its limitations. For example, some methods cannot achieve the shape and topology optimization together, or the boundaries achieved are blurry or jagged. These problems restrict engineering applications of topology optimization methods unless manual intervention.

In these topology optimization methods, the level set method (LSM) has its advantage in presenting clear structure boundaries and geometry information, which is defined by the zero-level contour of the level set function. LSM [8] is proposed by Osher and Sethian to solve the topology optimization problem originally, then Allaire et al. [6,7] and Wang et al. [9] continued to improve the method. However, the time-step size should satisfy the Courant-Friedrichs-Lewy (CFL) condition in the iteration process to solve the Hamilton-Jacobi PDE, which can lead to thousands of iterations and increase optimization time [14]. To relax the CFL constraint, Wang et al. [15] and Wang et al. [16] implemented the parameterized level set method (PLSM) to evolve boundaries by updating a set of parameterized coefficients at grid points. So, the PLSM has stronger validity than conventional LSM to overcome the difficulty in numerical calculation.

With advances in additive manufacturing (AM), topology optimization methods expand from mono-scale structures to multi-scale structures [17,18]. There are various multi-scale structures in nature such as bone and bamboo, composed of massive and porous structures [19,20]. These structures restricted to the natural environment are optimized results of evolution, which are similar to the process of structural optimization. Inspired by natural structures, multi-scale topology optimization has become a hotspot in the field of topology optimization [21,22]. Initial research mainly focused on periodic microstructures within multiscale optimization frameworks [23–27]. Most of these multi-scale topology optimization methods employ the numerical homogenization theory to connect the macro and microstructures. Then non-uniform microstructures appear to construct functionally graded cellular structures (FGCS) with spatially varying. For example, Coelho et al. [28] designed two-scale hierarchical sandwich structures with topology optimization methods to achieve better performance. Wang et al. [29] proposed a concurrent topology optimization method to design macro and non-uniform micro-scale structures together combined with homogenization and Porous Anisotropic Material with Penalization (PAMP) methods. Panesar et al. [30] considered manufacturing processing efforts (e.g., Selective Laser Melting, SLM) and support structure requirements to present graded lattices of D (Schwarz’s Diamond)-P (Schwarz’s Primitive). Garner et al. [31] proposed a multi-scale functionally graded materials topology optimization method ensuring mechanical compatibility with density filter and projection. Watts et al. [32] provided surrogate models of microstructures’ elastic response to simplify the calculation of the concurrent design of non-uniform microstructures. Wu et al. [33] divided structures into substructures with common lattice patterns to implement hierarchical topology optimization. Murphy et al. [34] proposed a robust 3D multiscale structural optimization framework with pre-defined parameters of graded cellular structures and used a reusable database to decrease the repeated calculation. Zhou et al. [35,36] proposed an innovative graded infill design approach for free-form surfaces by addressing conformal infill microstructures with spatially varying properties.

In concurrent topology optimization of graded cellular structures, adjacent microstructures are spatially non-uniform. The connectivity between microstructures may perform poorly due to their independent design process, which can lead to the performance not conforming to the calculated result or even structural failure on boundaries under loading. Hence, it is necessary to get smooth connectivity between adjacent microstructures. To solve this problem, some methods are proposed with graded cellular structure topology optimization. Liang et al. [37] used the level set method to generate a new level set surface with some features of two candidate level sets, which ensures a smooth transition of gradient lattice Zhou et al. [38,39] proposed three methods that pre-defined specific constraints or pseudo loadings between microstructures to create connectivity and combined several microstructures to optimize together. Radman et al. [40,41] and Garner et al. [31] proposed a method that filters the density distribution of every adjacent three base cells in each iteration, which is similar to sensitivity filtering in the Solid Isotropic Material with Penalization (SIMP) model [42]. Cramer et al. [43] proposed a microstructure interpolation method with the signed distance function used in the level set method to create interpolated microstructures. Wang et al. [44,45] improved level set method, which interpolated level set functions to achieve a group of microstructures with different density. Because the shape is proportional to its density, all microstructures in the group have similar shapes and connectivity. Du et al. [46] and Zhou et al. [47] proposed a concept of connectivity index (CI) and put it into the objective function of optimization with a weight factor that quantified the connectivity into the topology optimization process. The CI is a sign of the overlap ratio of adjacent cells in the connection area. Maskery et al. [48] proposed a lattice hybrid method in topology optimization of surface-based lattices to achieve adjacent lattices with smooth connectivity. Deng et al. [49] proposed a component-based topology optimization method that built a linkage scheme to guarantee smooth connectivity between adjacent cells. Sanders et al. [50] optimized spatially varying, hierarchical structures by integrating continuous multiple microstructures embedding in the design and manufacturing process, achieving a seamless layout with continuously graded interfaces. Zong et al. [51] and Liu et al. [52,53] proposed a variable cutting method (VCUT) that employs some standard-level set functions to operate Boolean calculations by changing the height of the cutting plane to obtain the complicated shape. Smooth connectivity between adjacent cells is guaranteed by the variable cutting plane. Zobaer et al. [54] parameterized the void sections of the cell and then made them transform to match the connectivity sections between cells. Transition cells are created to solve the connect problem and avoid severe changes in structural performance by restricting strain energy. Patel et al. [55] proposed an optimization method based on deep learning in a multiscale topology optimization framework, which employed two neural networks (NNs) to improve the connectivity for multiscale topology. Zhang et al. [56] conducted lattice structure topology optimization by optimizing the parameter field of the specially designed multi-variable lattices. The connectivity is ensured by an initial guess from the method. Kim et al. [57] proposed a method that employs a genetic algorithm to design intermediate unit cells between the base and target unit cells, ensuring a smooth transition of geometric structure and uniform mechanical performance between adjacent crystal cells. Liu et al. [58] proposed a connectivity model to enhance the manufacturability of hierarchical structures, which includes the connectable layer scheme between different microstructures and the enlarged filter domain. Zhou et al. [35,36] employed the local-level sets approach to create a family of connectable microstructures.

The above methods on the connectivity problem of graded cellular structures are divided into two kinds. The methods for addressing connectivity problems in graded cellular structures can be classified into two categories. The first category involves the use of additional load or restraint in the connection area, which may deviate from the optimum result. The second category requires complex algorithms or calculations to parameterize and transform the connected sections of microstructures. In this paper, an efficient method based on LSM to deal with the challenge is proposed. During the design of the FGCS, the characteristics of the level set approach are utilized to hybridize the level sets of adjacent cells, which in turn modifies the shape of the connected region cells. This approach has a reduced impact on cell optimization performance. Such a method has good potential in large-scale topology optimization to decrease calculation.

The paper is structured as follows: In Section 2, the hybrid level set method is presented, with a discussion on the balance between smoothness and processing effect. Section 3 proposes the numerical implementation to demonstrate how the hybrid level set method works in multi-scale topology optimization. Moving on to Section 4, several numerical examples are presented to demonstrate the effectiveness of the proposed method for 2D and 3D FGM. Finally, in Section 5, conclusions are drawn.

2  Energy System Model

In this section, based on the level set method, we present two post-processing methods of multi-scale topology optimization to transform the adjacent microstructures connectable. These methods adopt a hybrid interpolation algorithm to create transition microstructures or morph microstructures directly, which can form a connected region between graded cellular structures.

2.1 Interpolation Algorithm of Transition Microstructures

In the general multi-scale topology optimization method, macro and micro-structures are designed separately based on numerical homogenization and inverse homogenization theories. The relationship between the equivalent properties of the microstructure and its components and configuration is expressed using homogenization theory, which forms the basis for microstructure topology optimization. The multi-scale topology optimization process employs homogenization theory to determine the macro and micro properties of periodic composites. This is based on three hypotheses: Firstly, that the composites are a continuous medium in physical properties; secondly, that the composites are periodic, meaning that they can be obtained by arranging microstructures periodically; and thirdly, that the size of periodic microstructures is far smaller than that of the composites. According to homogenization theory and the strain energy of the element, it is possible to express the microstructure’s equivalent elastic tensor DijklH as shown in [54].

DijklH=1|Y|∫YDpqrsεpqA(ij)εrsA(kl)dY(1)

where Y is the periodic design domain, Dpqrs is the elastic tensor of the microstructure’s material, εpqA(ij) and εrsA(kl) are linearly independent unit test strain fields. With the equivalent elastic tensor, the macro and micro-scale topology optimization can be calculated concurrently.

As shown in Fig. 1 for an example of multi-scale topology optimization with non-uniform microstructures, the macrostructure is discretized into finite elements with pseudo density varying at [0,1] continuously to characterize solid or void. In the design result of the macrostructure, black sections represent compact solid material, white sections represent void material and grey sections represent loosened cellular material.
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Figure 1: Multiscale topology optimization with non-uniform microstructures. (a) Structural design domain (b) Macrostructure (c) Microstructures

When constituted of non-uniform microstructures, the macrostructure can obtain better performance in the objective property. However adjacent microstructures may have different configurations, which makes the connectivity poor. Hence, for obtaining a feasible design result in engineering, an interpolation method of transition microstructures based on LSM is proposed to solve the problem.

In the process of microstructure topology optimization with LSM, the structural boundary of the microstructure is implicitly embedded in a higher dimensional function with Lipschitz continuity. The contour based on the level set function (LSF) Φ is expressed with the zero-level set implicitly. Assuming there is a fixed Eulerian domain as reference design domain D, including solid, boundary, and void, which can be expressed as follows:

{ Φ(x,t)>0∀x∈Ω\∂Ω(Solid)Φ(x,t)=0∀x∈∂Ω         (Boundary)Φ(x,t)<0∀x∈D\Ω(Void)(2)

where x is the coordinate of design domain D and Ω is the solid domain, so the ∂Ω present the boundary of the solid as shown in Fig. 2 for 2D case, t is the pseudo time.
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Figure 2: Structural boundary and the corresponding LSF

For example, in Fig. 3, two unit cells obtained using LSM through inverse homogenization theory are displayed. These cells have maximum values for shear modulus and bulk modulus, respectively, with a volume fraction of 0.4. If these two unit cells are adjacent in the macro-scale, the connecting region is entirely non-connectable. To address this issue, a transition unit cell can be interpolated between them. The primary aim is to establish a transition unit cell that effectively and harmoniously links both sides of the two unit cells. To accomplish this, the suggested algorithm linearly blends the two unit cells using LSFs, progressively decreasing and increasing them from the left to the right of the transition unit cell.

[image: images]

Figure 3: Unit cells with maximum values on shear modulus (left) and bulk modulus (right) in terms of volume fraction is 0.4

With LSFs Φ1Φ2 and the two microstructures obtained by LSM, a simple hybrid interpolation algorithm can be employed.

Φ0=α(x)Φ1¯‖Φ1‖+β(x)Φ2¯‖Φ2‖(3)

α(x)=x0−xx0(4)

β(x)=xx0(5)

where Φ0 is the LSF of the transition unit cell, Φ¯ represents mirror LSF with ranks upside down, α and β are linear weighting coefficients, x0 is the length of the unit cell. For symmetrical unit cells, the mirror LSF equals the LSF itself. The norm ‖⋅‖ is used to normalize the LSF, which can eliminate the different amplitudes caused by different LSFs. So, the contour of the transition unit cell can be obtained as shown in Fig. 4. We can see that the transition unit cell connects the left and right unit cells smoothly, which is a hybrid with features of the two unit cells with the algorithm.
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Figure 4: Interpolated transition unit cells with LSF Φ0

With the above algorithm, an interpolation unit cell can be obtained easily to transit the non-uniform unit cells. But when the two unit cells are greatly different in shape, the interpolation unit cell may vary sharply from one side to another side. This variation tendency can lead to poor properties or difficult manufacturability since the homogenization theory is based on asymptotic expansion. Hence, more gradual transition unit cells should be interpolated to reduce the variation. According to the interpolation algorithm for one transition unit cell, more transition unit cell interpolation can be conducted with a similar method. For interpolating m unit cells, the LSF of the ith transition unit cell Φ0i can be obtained as

Φ0i=m+1−imα(x)Φ1¯‖Φ1‖+imβ(x)Φ2¯‖Φ2‖(6)

For example, if there are 5 transition unit cells, their interpolated LSFs are Φ01Φ02Φ03Φ04, and Φ05. From the first to the 5th LSF, the weighting Φ↔1 gradually reduced and the weighting Φ↔2 gradually increased, which are linearly distributed from one side to another side. With more transition unit cells interpolated, the variation of microstructures is less. Fig. 5 shows examples of 1, 5, and 10 transition unit cells between unit cells with maximum values on bulk modulus with different volume fractions.
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Figure 5: Multiple transition unit cells (a) 1 transition unit cell (b) 5 transition unit cells (c) 10 transition unit cells

2.2 Interpolation Algorithm of Morphing Microstructures

The method of transition microstructures can be employed simply to improve the connectivity problem for certain multi-scale topology optimization, such as the sandwich structure. When microstructures have a few different types, it can provide enough space to interpolate the transition unit cells by replacing the original unit cells. But for some complex multi-scale topology optimization, microstructures vary gradually along directions, which makes every adjacent unit cell different. So, there is no space to interpolate the transition unit cells. In this situation, non-uniform unit cells need to morph to adapt to the adjacent microstructure with connectivity.

Based on the algorithm of transition unit cells, the LSF Φ0 of an intermediate unit cell is created by interpolation.

Φ0=Φ1¯+Φ2¯2(7)

The interpolation method is based on the method in Eq. (4) to make the adjacent unit cells connect smoothly without transition unit cells. To morph the unit cells with the intermediate unit cell, the LSF of the original unit cell can be hybridized with the LSF of the intermediate unit cell obtained by Eq. (7).

Φ1′=α(x)Φ1¯‖Φ1‖+β(x)Φ0¯‖Φ0‖(8)

Φ2′=α(x)Φ0¯‖Φ0‖+β(x)Φ2¯‖Φ2‖(9)

where Φ1′, Φ1′ are LSFs of morphed unit cells compared to LSFs Φ1 and Φ2 of original unit cells. As shown in Fig. 6, Φ1, Φ2 are LSFs of unit cells with maximum values on shear modulus and bulk modulus, respectively, in terms of the volume fraction, is 0.4.
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Figure 6: Morphed unit cells with intermediate unit cell

With the algorithm in Eqs. (8) and (9), the original unit cells could morph into new unit cells with features of each other. The interpolated morphed unit cell has both its own and the adjacent unit cells’ contour features, which creates a smooth connectivity between them. However, if the adjacent two unit cells are greatly different in shape, the new microstructure may morph tremendously from the original one, which would deviate from the optimal result. To eliminate the over-transformation in the non-connect region, the hybrid sections need to be near the connecting region and keep the central sections as original as possible. To realize this target, the foregoing linearly hybrid method should be updated to a nonlinear method. When interpolating the morphed unit cell, more proportion of the original microstructure is employed in the non-connect region, which has nonlinear weighting coefficients compared to Eqs. (4) and (5).

α(x)=(x0−xx0)1n(10)

β(x)=(xx0)n(11)

where n > 1 is a nonlinear coefficient to realize nonlinear weighting interpolation. With the above algorithm, the morphed unit cells in Fig. 6 can be updated to new morphed unit cells, which have less transformation in non-connect regions to diminish the effectiveness of the transformation.

3  Numerical Implementation

This section introduces a new multi-scale topology optimization framework for graded cellular structures that utilizes the interpolation method of morphing microstructures, as discussed in Chapter 2. In contrast to the conventional method of multi-scale topology optimization, which involves designing macrostructures and microstructures separately using the homogenization method. By adopting the interpolation method for morphing microstructures after conventional topology optimization iterations, it is possible to morph graded cellular structures into connectable microstructures in a single direction.

The topology optimization of macrostructures can be implemented by the SIMP method. SIMP stands for Solid Isotropic Material with Penalization. It is a mathematical optimization method used in topology optimization, a process that seeks to determine the optimal material layout within a given design space, subject to certain structural and performance constraints. In the SIMP method, the material density is penalized to ensure that the optimized design is not too porous, and the penalization factor is gradually reduced during the optimization process to allow for the creation of more complex and intricate designs. The SIMP method has been widely used in various fields, including aerospace, automotive, and civil engineering, to design lightweight and efficient structures.

The topology optimization of microstructures can be implemented by the level-set method in Chapter 2.

The whole optimization procedure can be implemented by the following steps:

Step 1: Initialize the finite element (FE) model and define the parameters such as density (ρ), volume fraction, and elastic modulus (E*).

Step 2: Carry out topology optimization of macrostructures by density method and obtain the distribution of materials and displacement matrix of FE. Calculate the strain energy (ε*) as the objective function. Then calculate the sensitivity of variables and constraints.

Step 3: Carry out topology optimization of microstructures by level set method and update the LSFs of microstructures by displacement matrix obtained in step 2. Calculate the homogenous elastic tensor stiffness matrix of microstructures. Calculate the sensitivity of objective functions and constraints and update the coefficients of RBFs.

Step 4: Repeat steps 2 and 3 until objective functions converge.

Step 5: As shown in Fig. 7, morph every adjacent two microstructures by the algorithm in Eqs. (8) and (9) to obtain new connected microstructures gradually. Except for the microstructure on the boundary, every microstructure morphs with the left adjacent microstructure together first, then morphs with the right adjacent microstructure together, which creates a connected FGM finally.
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Figure 7: Hybrid stages of graded cellular structures

The interpolation morphing algorithm is implemented after conventional multi-scale topology optimization, so the method can fit general topology optimization cases through LSM and get proper connectivity between adjacent unit cells. The method can be independent of a major optimization process, which makes the algorithm commonly used.

4  Numerical Examples

In this section, we present a few numerical examples to show the implementation and result of the HLSM and the interpolation morphing algorithm described in Section 2.2. All of the microstructures are generated by PLSM and discretized into finite elements for calculating the elasticity matrix and displacement matrix. The base material of microstructures has Young’s modulus E0 = 910 and Poisson’s ratio μ = 0.3.

In Example 1, we select 2D microstructures with maximum bulk and shear modulus with different volume fractions (i.e., ρMI = 0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8) to demonstrate the advantage and characteristic of the HLSM and Example 2 for 3D cases. In Example 3, a two-scale topology optimization of Layered Beam is implemented by HLSM to show the effectiveness and application of the HLSM in multi-scale topology optimization.

4.1 Example 1: 2D FGM with the Variation in Bulk and Shear Modulus

In this example, for a given series of 2D unit cells with maximum bulk modulus or shear modulus, the objective is to hybrid them which has volume fractions ranging from 0.35 to 0.8. The 2D FGM is divided into 10 unit cells and each cell has 30 × 30 4-node quadrilateral elements. The nonlinear coefficient in Eqs. (10) and (11) is selected as n = 4 to generate a nonlinear hybrid of unit cells.

Bulk modulus and shear modulus are two important mechanical properties of materials that describe how they respond to different types of stress. Bulk modulus is a measure of a material’s resistance to compression under uniform pressure. It is the ratio of the change in pressure to the fractional change in volume, and it describes how easy or difficult it is to compress a material. Materials with high bulk modulus are difficult to compress, while those with low bulk modulus are easily compressed. Shear modulus, on the other hand, is a measure of a material’s resistance to deformation when subjected to shear stress. It is the ratio of the shear stress to the shear strain, and it describes how a material responds to forces that cause it to deform in a parallel direction. Materials with high shear modulus are stiff and hard to deform, while those with low shear modulus are soft and easy to deform. Both bulk modulus and shear modulus are important for understanding the mechanical properties of materials, and they are commonly used in engineering and materials science applications.

In the 2D cases, the maximization of material bulk modulus corresponds to the minimization of

c=−(D1111+D1122+D2211+D2222)(12)

and the maximization of material shear modulus corresponds to the minimization of

c=−D1212(13)

where the c(Eijkl) is the objective function of homogenized stiffness tensors.

When the volume fraction increases from the left to the right, the hybrid macrostructure is shown in Fig. 8. In the conventional method, the boundaries of adjacent unit cells may be irregular for their different topologies. After morphing interpolation of unit cells, the boundaries of adjacent unit cells are smooth and connectable. Moreover, the non-connect region of the unit cell keeps its original to diminish the effect of the morphing procedure. It demonstrates that the interpolation algorithm of HLSM can improve the connectivity of graded 2D microstructures effectively and simply.
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Figure 8: Optimized 2D FGM with volume fractions ranging from 0.35 to 0.8 (a) maximum bulk modulus (b) maximum shear modulus

Fig. 9 compares the bulk and shear modulus of unit cells before and after deformation to illustrate the effect of the interpolation algorithm and HLSM. According to the finite element analysis results, the morphed microstructures exhibit stiffness tensor properties that are similar to the original microstructures. This indicates that the proposed method can optimize the microstructures while preserving their original properties and properly connecting adjacent unit cells.

[image: images]

Figure 9: Comparison of properties before and after transformation (a) maximum bulk modulus (b) maximum shear modulus

4.2 Example 2: 3D FGM with the Variation in Bulk and Shear Modulus

In this example, for a given series of 3D unit cells with maximum bulk modulus or shear modulus, the objective is to hybrid them which has volume fractions ranging from 0.35 to 0.8. The 3D FGM is divided into 10 unit cells and each cell has 20 × 20 8-node cubic elements. The nonlinear coefficient in Eqs. (10) and (11) is selected as n = 4 to generate a nonlinear hybrid of unit cells.

In the 3D cases, the maximization of material bulk modulus corresponds to the minimization of

c=−(D1111+D1122+D1133+D2211+D2222+D2233+D3311+D3322+D3333)(14)

and the maximization of material shear modulus corresponds to the minimization of

c=−(D1212+D2323+D3131)(15)

When the volume fraction increases from the left to the right, the hybrid macrostructure is shown in Fig. 10. In 3D cases, the algorithm can also improve the connectivity of adjacent unit cells. The boundaries perform smoothly and properly after the post-processing. It demonstrates that the HLSM and interpolation algorithm is fit for 3D FGM design similar to 2D FGM, which can keep the properties of microstructures original and optimized as well as connect adjacent unit cells properly.
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Figure 10: Optimized 3D FGM with volume fractions ranging from 0.35 to 0.8 (a) maximum bulk modulus (b) maximum shear modulus

The bulk and shear modulus of 3D unit cells before and after deformation are also compared in Fig. 11 to show the effect of the interpolation algorithm and HLSM. From the calculation results by finite element analysis, it can be seen that the morphed 3D microstructures also have approximate properties of stiffness tensor to the original 3D microstructures. It demonstrates the proposed method can keep the properties of 3D microstructures original and optimized like 2D cases.
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Figure 11: Comparison of properties before and after transformation (a) maximum bulk modulus (b) maximum shear modulus

4.3 Example 3: Two-Scale Topology Optimization of Layered Beam

In this example, we present a two-scale topology optimization of a layered beam. Fig. 12 shows a cantilever beam with loads of F = 100 applied on the end. The macro design domain is 60 × 30, which is discretized into 60 × 30 4-node quadrilateral elements. Hence, the dimension of each unit cell is 1 × 1. The objective function is to obtain the minimum mean compliance of the macrostructure under the volume fraction constrained to 0.6. The layered structure is used to solve the problem, which has the same microstructure in one layer and varies along the height direction.

[image: images]

Figure 12: Design domain of the layered cantilever beam

The topology optimization result of the macro-scale is shown in Fig. 13a. Compared to the conventional SIMP method, the layered beam has a simpler structure, which makes it more feasible to fabricate the structure with microstructures. With the framework of multi-scale topology optimization in Chapter 3, the microstructures are optimized in Fig. 13b. It can be seen that the adjacent unit cells are not connected properly due to the independent calculation process.
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Figure 13: Two-scale topology optimization of layered beam (a) macro-scale topology optimization (b) micro-scale topology optimization without interpolation algorithm (c) micro-scale topology optimization with an interpolation algorithm

After post-processing with the interpolation algorithm of morphing microstructures, the structure is shown in Fig. 13c. Adjacent different unit cells create smooth connectivity with the post-process. It demonstrates that the HLSM and interpolation algorithm can fit the multi-scale topology optimization and solve the connectivity problem in certain cases.

A Multi-volume constraint approach to diverse form designs from topology optimization

5  Conclusions

A hybrid level set method (HLSM) is proposed to enhance connectivity between adjacent non-uniform microstructures. The method is presented as a post-processing step that can be easily embedded in a multi-scale topology optimization framework using LSM. The proposed interpolation algorithm generates transition microstructures using the LSFs of the original microstructures. The transition microstructure contains features from the adjacent microstructures that enable appropriate and smooth connections. To reduce excess transition microstructure, the interpolation algorithm can morph the original microstructures directly based on the transition microstructure. The microstructures obtained by LSM in multi-scale topology optimization have been observed to effectively transform into connectable structures, while simultaneously maintaining optimal properties in both 2D and 3D dimensions.

In this study, it was found that the morphed microstructure may be discontinuous in certain local regions due to significant differences in the original LSFs. One potential solution to this issue could be to adjust the nonlinear weighting coefficient in 2.2. However, it is planned to investigate a common and robust method to address this problem in future work.
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