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Introduction:

In recent years, heterogeneous materials have attracted a lot of attention for their superior properties
over homogeneous materials. To design, analyze, and optimize the behavior of heterogeneous
materials, the finite element method (FEM) as an effective numerical method has been immensely
utilized. Although tremendous efforts are devoted to finite element analysis (FEA) of heterogeneous
materials in the past two decades, little attention has been focused on mesh generation, which is an
essential part of the FEA procedure. For the sake of simplicity, classic mesh generation methods
targeted on homogeneous objects are often directly applied into the domain of heterogeneous objects.
The meshes generated by these traditional methods, however, either result in poor simulation
accuracies (as they fail to characterize the material heterogeneities), or introduce denser elements than
desired, significantly degrading the computational efficiency. To solve such problems, specific mesh
generation methods for efficient and robust FEA of heterogeneous objects are called for.

Zhang et al. [6] proposed an automatic 3D mesh generation method for heterogeneous objects.
Unfortunately, only multiple material objects, which are very primitive in terms of material
heterogeneities, are taken into account. Functionally graded materials (FGMs), whose material
heterogeneities vary gradually within the domain of interest, usually outperform multiple materials.
Therefore, meshing strategies that concentrate on these objects warrant further exploration. Amongst
the few contributions that handle the meshing problem of FGMs are [2] and [5]. These authors have
paid duly attention to 2D FGM objects, yet having not touched on the 3D FGMs that are more general
and complex in practice. In order to fill this gap, we propose an adaptive tetrahedral mesh generation
method based on optimal Delaunay triangulation (ODT) [1] for general 3D heterogeneous objects.

Main idea:

In adaptive meshes of homogeneous objects, denser elements are usually generated in the boundary
area to conform to the geometric resolution, while coarser elements are created in the interior to save
computational resources. However, for heterogeneous objects where two or more different material
ingredients exist, this observation is not true anymore. Besides the geometric resolution, the length
scale associated with the material heterogeneity in each finite element also has a great impact on the
accuracy of FEA solutions [3]. In other words, the adaptive meshing of heterogeneous objects is
determined by both the material heterogeneity and the geometric complexity. Regarding that, we
propose an adaptive tetrahedral mesh generation method, which naturally includes a three-step
meshing process: initial mesh generation, material-oriented refinement and geometry-oriented
refinement (see Fig. 1).
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Fig. 1: The flowchart of the adaptive meshing algorithm.

Given a 3D heterogeneous model as shown in Fig. 2(a), an initial mesh, I-Mesh (see Fig. 2(b)), is firstly
constructed by using the Delaunay-based tetrahedral mesh generation method [4]. Since the I-Mesh is
only a coarse mesh and far away from desirable, the material-oriented refinement is consequently
executed, aiming to generate a mesh that is validated in terms of a predefined material threshold. In
this step, a global mesh adaptation method based on ODT is applied. Fig. 2(c) shows the M-Mesh after
the material-oriented refinement. To satisfy the material threshold, denser elements are generated in
the interior of the domain where material composition changes fast (see the material composition
function shown in Fig. 2(a)), while relatively coarser elements are used in the boundary area where
material composition changes relatively slowly. As only material heterogeneity information is
considered in the material-oriented refinement, the M-Mesh shown in Fig. 2(c) does not approximate
the geometry of the heterogeneous model well for coarse elements are generated in the boundary area.
To solve such a problem, the geometry-oriented refinement is further applied. Fig. 2(d) shows the G-
Mesh after the geometry-oriented refinement. Notice that finer elements are constructed in the
boundary area to conform to the geometric resolution.
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Fig. 2: An example of adaptive meshing on a heterogeneous model: (a) the geometry and material
description of the heterogeneous model, here V denotes the material composition function, d(P)
represents the distance from an arbitrary point P to the reference point O and « is a positive constant;
(b) cut view of the I-Mesh; (c) cut view of the M-Mesh; (d) cut view of the G-Mesh.

Conclusion:

Experiments indicate that the adaptive meshing strategy controls the mesh adaptations in terms of the
material heterogeneity as well as the geometric complexity. In addition, the proposed strategy
guarantees high-quality meshes. Therefore, our adaptive meshes are feasible for accurate and efficient
FEA simulations of heterogeneous objects.
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