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ARTICLE INFO ABSTRACT

Keywords: Computer-aided engineering (CAE) has emerged as an indispensable tool for facilitating engineering practices
Automatic surface subdivision and driving industrial innovation. However, the insufficient quality and efficiency of discretizing complex
Binary tree

computer-aided design (CAD) models significantly impede the advancement of CAE calculation accuracy and
automation. The presence of “dirty” geometry leads to the fact that it is almost impossible to generate a tradi-
tional conforming mesh without geometry repair. In most instances, automating geometry repair proves to be
even more challenging than meshing. To cope with intricate CAD model with “dirty” geometry, a novel binary
tree surface subdivision method (BSSM) is proposed for automatically generated conforming and nonconforming
meshes directly on CAD models. In contrast to the conventional conforming mesh, the nonconforming mesh
allows for hanging nodes, thereby eliminating the limitations of the mesh conformance. This facilitates rapid
transitions in mesh size for automatic mesh generation when dealing with “dirty” geometry. A series of numerical
models employing BSSM are presented in this study. Results reveal that BSSM can automatically, efficiently and
reliably generate high level quality mesh for arbitrary structures.

Nonconforming mesh
Geometry repair

1. Introduction

Modern industrial design and manufacturing requires the utilization
of CAE analysis to address a wide range of fields of issues, including
structure, fluid, heat transfer, electro-magnetic, acoustics, vibration as-
pects, and more. The expanding scope of engineering applications
mandates that CAE confronts nonlinearity, multiphysics, as well as
large-scale and multi-scale problems, leading to a substantial escalation
in the computational time and space demands [1]. In contrast to the CAE
solution and post-processing phases, the pre-processing stage falls short
of achieving complete automation due to the absence of systematic
theoretical support. This deficiency considerable impact speed and ac-
curacy of analysis and solution when confronted with intricate prob-
lems. Being a critical procedure of pre-processing, mesh generation has
emerged as a primary research focal point for both CAE software de-
velopers and researchers [2].

Surface mesh is a main research focus in CAE mesh division and
computer graphics. Of all current mesh generation algorithms,
advancing front technique (AFT) [3-8] and Delaunay triangulation (DT)
[9-11] are widely recognized as the most mature methods. While AFT
exhibits strong adaptability to geometric boundaries and ability to
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produce high-quality mesh, its efficiency and stability are hindered by
the heavy use of judgment statements and distance calculations. DT
benefits from a mature mathematical theory and superior algorithmic
efficiency, but it is significantly influenced by the surface shape and
mesh mapping process. Moreover, the tree-structure [12-14] reduce the
complexity of automatic mesh division. However, it yields the inferior
meshes near the surface boundary and the self-intersections inevitable
occurrence, seriously affecting the calculation exactitude. Generally, the
aforementioned algorithms necessitate initial input CAD model [15]
without “dirty” geometry, such as short edges, narrow surfaces and
sharp angles. Otherwise, the solid model must undergo geometry repair
[16-18]. Unfortunately, achieving satisfactory computational accuracy
through geometry repair typically involves extensive manual operation
[1], which is not able to desire the demands posed by complex engi-
neering problems.

Besides geometry repair, various methods including virtual topology
[6], three-dimensional (3D) reconstruction [19,20], parallel aligned
surface meshing [21] and idealization operators [22] have been
implemented to mitigate or avoid the negative effects of “dirty” geom-
etry on mesh division. Moreover, Liu et al. propose a novel unified
framework for rapidly generating high-quality mesh on dirty composite
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Fig. 1. Mesh transition with equal size of nonconforming and conforming (a) rectangular mesh, (b) quadrilateral-dominated mesh.
surfaces [23], which has been successfully utilized with CAD models of
?Midpoint industry-level complexity. Nevertheless, these methods modify the
| original CAD model, bring about the loss of part essential geometric or
: SonFace 0 topological information in the mesh result. Therefore, current methods
: S are still incapable to realize automatic high-quality discretization of
o (07
SonFace 0 ' SonFace 1 A e T ry complex structures with “dirty” geometry. In this paper, BSSM is pro-
: node posed to fully restoring the initial CAD model by discrete mesh results.
: SonFace 1 Contrary to traditional conforming mesh, the nonconforming mesh in-
| corporates hanging nodes (Fig. 1), where the conforming mesh is
‘ generated by business software ANSYS Workbench (ANSYS). Obviously,

Fig. 2. Binary-tree subdivision method.
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Fig. 3. Topological structure for a 3D geometry model.
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Fig. 4. Loop orientation, inner and outer of the surface.

dividing for nonconforming mesh. The data structure for parallel
computing is unificated, eliminating unnecessary matching between
different regional meshes and allowing complete independency in each
regional mesh division. On the other hand, the binary tree, as an
important type of tree structure, exhibits a low vacancy rate and high
space utilization rate compared to the quadtree algorithm. The binary
tree subdivision process is shown in Fig. 2. During subdivision, the
midpoints of the opposite cell edge (single mesh) are connected to divide
a cell into two parts. Therefore, the binary tree subdivision method is
more suitable for generating anisotropic mesh and offers easier control
to local mesh refinement. BSSM has been applied to the boundary
element method (BEM) for solving solid mechanics problems such as
elasticity, heat transfer, acoustics, etc. Moreover, BSSM is able to serve
as an intermediary process in numerical methods such as finite element
method (FEM) and finite volume method (FVM).

Building upon previous work by our research group [24-28], this
paper extensively exploits topological information of CAD model to
enhance the relevant algorithms for instance boundary restoration,
“dirty” geometry processing, etc. The rest of this paper is organized as
follows: Firstly, the boundary representation (B-Rep) structure neces-
sary for mesh generation is introduced. Then, the nonconforming mesh
discrete method based on BSSM is described in detail for a simple 3D
CAD model. Finally, a series of numerical results are given to illustrate
the advantages and generality of the BSSM.

2. Preparing topological structure for mesh generation

The mesh quality determines the accuracy, efficiency, and authen-
ticity of numerical calculation. An optimal mesh should closely align
with the geometric domain within the tolerance range, necessitating
precise capture the needful information for mesh generation. B-Rep,
which utilizes surfaces to represent 3D geometry, is the predominant
method for presenting CAD models, providing superior control and error
exactitude. Fig. 3(a) illustrates the hierarchical structure of the 3D ge-
ometry, progressing from "Body" — "Face" — "Loop" — "Edge" — "Ver-
tex", with each level encompassing the subsequent level. Among these
elements, a Body is an independent structure surrounded by multiple
Faces, a Face is formed by multiple Loops of negligible thickness, a Loop
consists of Edges arranged in sequential order. The Vertex serves as the
fundamental element of B-Rep, an Edge represents a curve connecting
two Vertices. Conversely, each Face belongs to a single Body, and each
Loop belongs to a single Face. Furthermore, the connection relationship
between Face and Edge is such that each Edge connects two Faces, and
each Vertex can connect several Edges. The overall topology relation-
ship among the B-Rep elements is shown in Fig. 3(b), with distinct styles
of arrows denoting various topology relationships.

Aside from the B-Rep topology, the orientation of Face and Loop
must also be specified to ensure that the left side of all Loops corresponds
to the interior of Face (see Fig. 4). The normal direction of a Face is
defined as from the outward pointing to inward of Body, as well as the
outermost Loop of the Face follows the right-hand rule. Accordingly, the
outer Loop is oriented counterclockwise, while all other Loops are ori-
ented clockwise.
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Fig. 5. (a) Example of a 3D CAD model, (b) root cell, (c) result for root
cell subdivide.

3. Outline of BSSM algorithm
BSSM is briefly outlined in the following steps:

Step 1. Construct background mesh

Step 1.1 Projection of the 3D surface onto the 2D parameter space
and subdivision based on curvature (Fig. 5).

Step 1.2 Discretize the Loop into Segments according to the curva-
ture of the geometric Edges (Fig. 7(a)).

Step 1.3 Calculate the intersection points of the background mesh
with the Loop (Fig. 7(b)).

Step 1.4 Refinement of the local mesh, ensuring that a maximum of
one geometry vertex and one complete Segment between two in-
tersections (Fig. 10(b)).

Step 1.5 Balancing the background mesh size, reducing the ratio of
neighboring cell sizes, and ensuring at most one hanging point on
each cell edge (Fig. 10(c)).

Step 2. Constrained boundary recovery

Step 2.1 Categorization of all cells into rim cells, inner cells, and
outer cells (Fig. 13(d)).

Step 2.2 Set the degradation points based on the distance from the
inner cell nodes to the Loop on the rim cells (Fig. 14). Degenerate
points will be eliminated during the boundary recovery process.
Step 2.3 Categorized into the rim cells into common boundary
templates, adhere boundary templates and concave boundary tem-
plates for boundary recovery according to the number and location
of degradation points (Fig. 19).

4. Construct background mesh base on binary tree

The BSSM is performed within the parametric space of entire Face,
requiring the mapping of 3D parametric surfaces to 2D faces. Eq. (1)
demonstrates the parameter mapping method for surfaces. In this sec-
tion, we employ the CAD model depicted in Fig. 5(a) as an explanatory
example.

P(u,¥) = (x(u.v).y(w.v).2(u.v)) @
U <u<wuandvy <v<w
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Fig. 6. Curvature calculation, (a) cell, (b) edge.
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Fig. 7. (@) Result for loop subdivide, (b) result for intersection points
calculation.

4.1. Initial background mesh

4.1.1. Root cell and subdivide

The initial root cell is the smallest rectangular box that covers the
face parameter domain in 2D parameter face. Fig. 5(b) displays the
range of this box denoted as ug < u < u3,vy < v < v;. Initially, the root cell
is subdivided based on the mesh size, which is defined in this study as 1/
24 of the maximum length projected by the CAD model onto 3D Car-
tesian coordinates. Subsequently, the mesh is further subdivided ac-
cording to the curvature of cell. The curvature is determined by the
length of the split edge (Fig. 6) and the distance between the endpoints
of the split edge. The curvature of cell (Ratio) can be calculated by

leM3 B dM1M3

i

My M3

Ratio = (2)

where leM3 is the length of split edge of point M; to M3, and dy;7;- and

distance of point M; to M3 in Fig. 6(b), respectively. Subdivision is
required when the curvature of cell exceeds the predetermined
threshold value (default value in this study is 0.0125). The resulting
subdivisions of root cell are shown in Fig. 5(c).

4.1.2. Subdivide loop

The loops of faces are subdivided into segments based on the cur-
vature of the geometric edges for local mesh refinement. The subdivision
criterion is identical to that described in Section 4.1.1. As depicted in
Fig. 7(a), a segment is present between every pair of green points and
geometric vertex obligatory serving as the endpoint of the segment.
Evidently, segments are denser in areas with higher curvature. The re-
gion surrounding the concave geometric vertex (indicated in Fig. 7(a)) is
also encrypted to facilitate handling of the concave boundary template.
Moreover, it is crucial to note that the difference in length of consecutive
segments should not exceed double. To deal with “dirty” geometry, the
tiny geometric edges (1/23 length of the connected geometric edges) are
exempt from this condition.
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Fig. 8. (a) Intersection location and tangent direction, (b) cell and cell
edge location.

4.1.3. Calculating the intersection points between loop and mesh

Fig. 8(a) displays the intersections that connect the background mesh
to loop. The calculation of intersections coordinate emerges as the most
time-consuming procedure in Section 3 when the geometric boundary is
composed of complex spline curves. Therefore, reducing the frequency
of intersections calculation significantly improves calculation efficiency.
For this purpose, the position of intersections on the background mesh
and the tangent direction of intersections on the loop are recorded
(Fig. 8(a). In the parameter space, all cell edges of background mesh are
oriented in the positive direction. The tangent lines are categorized into
eight directions according to the quadrant in the 2D Cartesian coordi-
nate system. The numbers adjacent to the intersections in Fig. 8(a)
indicate the sequence number of directions in Fig. 8(b). Fig. 8(b) illus-
trates the position of the cell (C) and the cell edge (E) within the coor-
dinate system. It is sufficient to calculate the intersection of the cell
corresponding to the tangent direction of current intersection with the
loop to determine the location of subsequent intersection. This approach
effectively diminishes the number of intersection calculations. The
result of the intersections calculation for the example are displayed in
Fig. 7(b).

4.1.4. Local mesh refine in inflection feature

To achieve accurate calculation in non-smooth locations, local mesh
refinement is imperative for areas within the loop that exhibit signifi-
cant curvature and numerous geometric vertices. The mesh requires
refinement in two scenarios (Fig. 9(a)): (1) There are two or more
geometric vertices between two intersections (geometric vertices con-
nected by a tiny edge in loop are excluded). (2) There is a complete
segment between two intersections (except segment within tiny edge).
In addition, concave geometric vertices frequently lead to numerical
computation singularities, necessitating further refinement, as depicted
in Fig. 9(b). The results of the local mesh refinement are illustrated in
Fig. 10(a) and (b). Following each subdivision, new intersections are
inserted to loop to guarantee that all locations where loop crosses the
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Fig. 9. (a) Refine by geometric vertices or segments, (b) Refine by concave geometric vertex.
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Fig. 10. Refine result for example (a) curvature refine, (b) concave vertex refine, (c) balancing background mesh result.

background mesh have intersection. balancing mesh size through mesh subdivision.

4.2.1. Mesh balanced in adjacent face
4.2. Balancing background mesh Within the topological structure, each geometric edge connects two
faces, enabling the identification of adjacent cells on neighboring faces
Excessive adjacent mesh size or an unfavorable aspect ratio of the through edges. Mesh balanced in adjacent face requires that the ratio of
cell can significantly diminish the precision of numerical calculations. In tangential length and normal lengths of neighboring cells are both less
order to facilitate a seamless transition in mesh size, it is crucial to
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Fig. 11. (a) Normal and tangential length, (b) balance narrow face.
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Fig. 12. (a) Balance cell aspect ratio, (b) eliminate excess hanging nodes.

than 2, as depicted in Fig. 11(a). In the case of one face being excessively
narrow (with an aspect ratio greater than 50), it is essential to balance
solely the tangential length of the cells to prevent excessive subdivision
of adjacent faces, while still permitting the normal length to traverse the
narrow face. Specifically, when face A or face B aligns with a narrow face
Cin Fig. 11(b), it becomes imperative to balance face A and B along the
normal direction.

4.2.2. Mesh balanced in individual face

The process of balancing individual face serves dual objectives. The
first objective is analogous to that of conventional conforming mesh,
which is to restrict the cell aspect ratio under 2, as shown in Fig. 12(a). In
the case of an extremely narrow face, the aspect ratio of the cell is
relaxed to face aspect ratio/10. Furthermore, each cell edge has
maximum of one hanging node, and any additional hanging nodes
should be subdivided along hanging nodes, as depicted in Fig. 12(b). The
results following the completion of mesh balancing are presented in
Fig. 10(c). Obviously, the transition from dense cells to coarse cells is
distinct and seamless.

5. Constrained boundary recovery

Confirming the absolute consistency of the recovered boundary with
the original geometric boundary and topology is a crucial demand. The
primary drawback of the tree-structured method lies in the inadequate
quality of the meshes along the geometric boundary. The constrained
boundary recovery algorithm proposed in this paper effectively retains
all the geometric characteristics of the loop while preserving the
favorable shape of cells. Since the nonconforming mesh on the geo-
metric edges do not need to be continuous, the discrete of each face can

e e |

(a) S o | o)

Fig. 13. Classify all cells (a) total cells, (b) inner cells, (c¢) rim cells, (d)
outer cells.
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Fig. 14. Identification degenerate point.
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Fig. 15. Common boundary template.

be carried out independently.

5.1. Classification of cells according to the position relative to loop

Categorization of cells into three types, namely external (invalid),
internal (valid), and boundary (requiring boundary recovery), is deter-
mined based on the presence or absence of intersections on each cell, as
shown in Fig. 13. The outer cells refer to the mesh located outside the
loop. Since these cells do not contribute to the numerical computation,
they are considered invalid. Cells that intersect with the loop are termed
rim cells. These cells possess partial presence within and outside the
loop, and the rim cells will be split by the boundary recovery algorithm.
The inner cells are inside the loop that can directly engage in the
calculation without involving any adjustments.

5.2. Boundary template

Every intersection on the cell edge can seek out a corresponding cell
node inside the loop, and calculate the distance between the cell node
and the boundary. The cell node is designated as a degenerate point
when the distance is below 0.3 times the length of the cell edge, as
illustrated in Fig. 14. Degenerate points will be eliminated during the
boundary recovery process. Rim cells are categorized into three
boundary templates by mean of degenerate points and concave geom-
etry vertices. Empirical evidence indicates that cell edges with a 90° to
the geometric boundary are most favorable for numerical calculation.
Therefore, it is preferable to align the cell edge vertical to the loop
whenever feasible in boundary recovery.

5.2.1. Common boundary template

Discretization of the rim cell follows the common boundary template
in the absence of degenerate points. The cell edge of intersects the loop
in rim cell contains two cell nodes, with one positioned inside the loop
and the other outside the loop. The cell node situated within the loop is
labeled as an adjacent point, while the connection of contiguous adja-
cent points gives rise to adjacent edges, depicted as in Fig. 15(a). The
green dashed line in Fig. 15 represents the vertical edge, connecting the
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R . / ! (2)
Geometric vertex | ! : | se
~Cy |
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. . Tiny edge
——Amid vertical Edge
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\ " >
_
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©
; >
)

Fig. 16. Geometric vertices processing.

adjacent point to the loop at a perpendicular angle. The vertical foot in
the vertical edge serves as a cell node on the loop. Connecting consec-
utive vertical feet on the loop generates a new cell edge. A quadrilateral
cell is formed by adjacent edge, vertical edges, and new cell edge.

In the case where a single cell node is present between the opposite
geometric edges, as illustrated in Fig. 15(b), it is labeled as an amid
point. Here the vertical edge is connected to the amid point and loop. At
least two vertical edges are connected to each amid point. Connecting
these two vertical feet located on different geometric edges creates the
amid vertical edge, while the loop enclosed by these vertical feet forms a
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Fig. 17. Adhere boundary template.
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Fig. 18. Concave boundary template.

quadrilateral or triangular cell. Furthermore, in the absence of cell nodes connecting these two intersections is referred to as the amid edge. The
between the opposite geometric edges, specifically when there are two middle point of the amid edge is designated as the amid point. A
intersections on the cell edge, as depicted in Fig. 15(c), the edge quadrilateral or triangular cell, resembling the configuration shown in

Common template
Adjacent edge

Adhere template

Fig. 19. All boundary template for example.
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Fig. 20. Eliminate large angles.

Fig. 15(b), is formed in Fig. 15(c).

In the presence of geometric vertex between two vertical feet, a
vertical edge is necessary to create along geometric vertex toward the
adjacent edge, resulting in discretization of two quadrilateral cells, as
shown in Fig. 16(a). When the vertical foot is positioned close to the
adjacent point, it leads to a configuration comprising of a quadrilateral
cell and a triangular cell, as illustrated in Fig. 16(b). Furthermore, in the
presence of tiny edge between the two vertical feet as depicted in Fig. 16
(c). Any vertex of tiny edge can be selected to create a vertical edge
towards the adjacent edge, resulting in discretization of two quadrilat-
eral cells and one triangular cell. A comparable methodology was
employed for the amid edge and amid point, as illustrated in Fig. 16(d)
and (e).

5.2.2. Adhere boundary template

The rim cells containing the degenerate points is processed by
Adhere boundary template. The adjacent point in the Adhere boundary
template is the closest cell node to the degenerate point within the loop.

Engineering Analysis with Boundary Elements 166 (2024) 105846

Fig. 17(a) shows the cell generation process for a degenerate point
connecting an adjacent point. The methodology for constructing quad-
rilateral cells follows the same principles as the common boundary
template. In the case where a degenerate point connects two adjacent
points (Fig. 17(b)), connect two adjacent points to obtain an adjacent
edge. A quadrilateral cell and a triangular cell are generated along the
adjacent edge in this case.

5.2.3. Concave boundary template

Creating the vertical edges for the adjacent point near the concave
vertices is challenging, and thus requires the use of a dedicated discrete
method to split rim cells. The cell node near to the cell where the
concave vertex is located is labeled as a concave template point (CTP), as
shown in Fig. 18. The two nearest CTPs to the loop are connected to the
loop by the vertical edge. Each CTP is connected to concave vertex to
form a new cell edge. The remaining new cell edge is obtained by con-
necting the adjacent CTPs. The vertical edge and new cell edge to for-
mation of multiple triangular cells that encompass concave vertex. This
treatment of the concave boundary template yields cells with desirable
shape characteristics. The outcome of the all boundary template con-
struction is depicted in Fig. 19.

5.3. Eliminate large angle

To this stage, some cells with large angle exist though most of the
cells maintain a high level of mesh quality. Optimization is performed
necessarily by a straightforward process to eliminating large angles that
surpass a predetermined angle threshold (120° in this study). At the
initial stage, vertical edge is considered to split the large angle to form a
quadrilateral and a triangular cell, as shown in Fig. 20(a). This approach
contributes to avoid the creation of larger angles during the split pro-
cess. In case of vertical foot of the vertical edge lies near the cell node,
the cell can be subdivided two triangular cells along the diagonal line
formed by large angle, as depicted in Fig. 20(b). The triangular cell
shown in Fig. 20(c) also uses a vertical edge to eliminate large angles.
Fig. 21 shows the final discrete results of the presented example.

6. Numerical examples

This section presents a series of numerical examples with and

Fig. 21. Mesh result for example.
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Fig. 22. Triangular cell and quadrangular cell.

without “dirty” geometry to showcase the effectiveness and stability of
the BSSM. All the programs are implemented in the C++ and executed
on a computing device equipped with an Intel(R) Core(TM) i5-8250U
CPU operating at a clock speed of 1.8GHz. Both BSSM and ANSYS are
executed in single-threaded mode. The figures in this section display the
final mesh results required by the boundary face method (BFM) [29],
wherein the curved mesh is obtained through the interpolation along
each cell edge.

6.1. Mesh quality

The precision and accuracy of subsequent numerical calculations are
determined by the quality of the mesh. A widely method for evaluating
mesh quality is the mesh quality factor (MQF) [30]. In the case of the
A\ABC (Fig. 22 left), the MQF is defined as

| CA x CB ||

MQF; = 2V/3
| CA[|>+ || AB||> + || BC ||?

3

where AB, CB, AB, BC represent the directional vectors of the three edges
of the triangle separately. The MQF ranges from O to 1, where a value of
1 indicates the highest mesh quality, while a value of O represents the
lowest. For quadrilateral ABCD (Fig. 22 right), its MQF can be deter-
mined by the MQF of its constituent /AABD, /AACD, /ABAC, and /ABDC.
The calculation procedure is as follows

MQF3min1 MQF3min2

MQF, = — - 2minl =< Sminz
Q ! MQFBmaxl MQF3max2 (4)

where MQFsmin1 and MQFsniny represent the smaller values, while
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MQF3max1 and MQFsnaxo represent the larger values. In addition, the
maximum and minimum angles of the cell can provide insights into its
quality. Due to the presence of tiny geometric angles in “dirty” geome-
try, this section employs the maximum angle as a key metric to evaluate
the mesh quality. An optimal cell is indicated by a maximum angle value
approaching 90°

Section 6.1 presents the mesh results of CAD models with “dirty”
geometry that were discretized utilizing the proposed BSSM, as well as
the results obtained using ANSYS (Version 2020 R2). ANSYS employs a
quad-dominant discretization approach, and controls the number of
cells in ANSYS to be comparable to BSSM.

Fig. 23 displays the CAD model of the clock hand, accompanied by
the mesh results obtained through BSSM and ANSYS. The tiny geometric
edge is indicated by a red dashed line, measuring only 1/100th the
length of the neighboring geometric edges. It is apparent that BSSM
effectively preserves the tiny edge and employs it as the cell edge on the
adjacent faces. The quadrilateral cells demonstrate nearly rectangular
shapes and exhibit high level of mesh quality. The triangular cells retain
a tiny angle at the geometric tip. Conversely, the ANSYS disregard the
tiny edge in the geometric repair. Suboptimal mesh shape in areas of
“dirty” geometry is caused by imperfect geometry repair. According to
the mesh quality statistics presented in Table 1, BSSM successfully
preserves all “dirty” geometry, with an MQF value that is merely 1.9 %
lower than that of ANSYS. Through its method of eliminating large an-
gles, BSSM achieves a maximum mesh angle that is 24.1 % lower than
that obtained by ANSYS. Consequently, the mesh generated by BSSM
demonstrates greater suitability for numerical calculations compared to
ANSYS.

Table 1
Statistic of cells generated for CAD model.
CAD Mesh Total Average Maximum Mesh
model generating cell value angle (°) generation
method number of mesh time(s)
quality
Clock BSSM 458 0.885 108.2 0.017
hand ANSYS 457 0.902 142.4 0.688
Engine BSSM 43313 0.906 118.6 2.989
shell ANSYS 42566 0.948 165.9 54.620

)
Short edgei

S

Fig. 23. Mesh result for clock hand.
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Fig. 24. Mesh result for engine shell.

To demonstrate the advantages of BSSM for narrow faces, an engine
shell was discretized into over 42000 cells using both BSSM and ANSYS
methods. Fig. 24 displays the narrow face with aspect ratios exceeding
500, and the BSSM mesh results preserve the narrow face intact. There is
little effect on the surrounding face mesh as only the tangential direction
of the narrow face is balanced. ANSYS entirely abandons all attributes of
the narrow face, resulting in its transformation into a geometric edge
(red dashed line in Fig. 24 bottom). However, cell edges are not pre-
served on this geometric edge, which means that ANSYS cannot imple-
ment constrain boundary recovery. Moreover, on a larger regular face
(Fig. 24 top), BSSM achieves the same computational accuracy as ANSYS
with only one-third of the number of cells. Both methods accomplish
higher MQFs (Table 1), with ANSYS reaching an MQF of 0.948 through
disregards the narrow face. But ANSYS has a maximum angle measures
165°, which is 28 % larger than the BSSM and have a significant negative
impact on the corresponding region.

The mesh generation speeds of BSSM and ANSYS are also shown in
Table 1. It is evident that BSSM exhibits considerably faster performance
compared to ANSYS in both examples. This speed advantage stems from
BSSM’s capability to drastically reduce the number of intersection cal-
culations between the background mesh and the geometric boundaries,
as well as the boundary templates effectively minimize the frequency at
which the cell nodes are mapped to each other in 3D space and to the
parameter space.

11
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Fig. 25. Comparison of mesh results between BTM (Fig.
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Table 2 Table 3
Statistic of cells generated for BTM and BSSM. Statistic of cells generated for CAD model.
Mesh generating Total cell Average Mesh generation time Fig CAD Total cell Average Maximum  Mesh
method number value (s) model number value angle (°) generation time
of mesh of mesh (s)
quality quality
BTM 4586 0.985 8.634 Fig. 26 (a) 19120 0.901 110.5 5.069
BSSM 3633 0.978 0.482 (b) 12389 0.904 104.4 2.865
Fig. 27 Nut 1544 0.775 98.3 0.499
Screw 4950 0.818 96.5 3.175
Fig. 28 (a) 53164 0.873 108.6 2.135
(b) 11219 0.897 102.7 0.397
Fig. 29 Ring 1772 0.959 106.6 0.067

Geometry

Fig. 27. Mesh result for screw and nut.

6.2. Compare with BTM

Fig. 25 illustrates two nonconforming mesh results for a cup, where
BTM [24] is our previously utilized algorithm. In contrast to BTM, BSSM
employs topological information to delineate the internal and external
boundaries of the geometric face, leading to markedly reducing the
number of intersection calculations between the background mesh and
loop. In order to mitigate the numerical computation errors between
neighboring faces, a process of mesh size balancing on neighboring faces
is introduced. Furthermore, based on our computational experience
suggests that achieving an approximate 90° angle between the boundary
cell edge and the loop yields more accurate numerical computation re-
sults. Therefore, the boundary template is redesigned to reduce the
number of templates and ensure the quality of the boundary mesh. From
Fig. 25 and Table 2, it is evident that BSSM not only markedly enhances
the computational speed, but also facilitates smooth transition between
adjacent geometrical faces, resulting in a comparable mesh quality with
fewer cells.
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6.3. Mesh result

This section presents a series of representative mesh discretization
results for engineering models without “dirty” geometry.

Firstly, two porous circular tubes [31] with intricate microstructures
are shown in Fig. 26, discretized into 19120 and 12389 cells respec-
tively. Both structures exhibit an MQF exceeding 0.9 and maximum
angle below 111° Due to the presence of numerous narrow boundaries
within the porous structure, the dimensions of the structure are rela-
tively uniform, resulting in a predominantly conforming mesh. This
demonstrates that BSSM can generate conforming mesh with guaranteed
high quality.

Fig. 27 displays the mesh results for a screw and nut. The presence of
spiral narrow faces generation significant challenges in mesh dis-
cretization of screws and nuts, often requiring a substantial reduction in
mesh size to ensure accurate division. Likewise, as BSSM relaxes the
aspect ratio of narrow face cells, the MQF of screws and nuts (Fig. 27 in
Table 3) is considerably lower compared to other instances. Neverthe-
less, the screw mesh consists of regular rectangular cells, leading to
maximum angle close to 90°

The mesh results for the commonly employed gears in mechanical
equipment are depicted in Fig. 28. Gear (a) generates 53164 cells, with
an average MQF of 0.873 and a maximum angle of 108.6° The teeth of
gear (a) are composed of multiple narrow faces, resulting in numerous
small cells of similar size on tooth of gear. Therefore, the utilization of
nonconforming meshing is unable to significantly reduce the number of
cells for this gear. Gear (b) generates 11219 cells with an MQF of 0.897
and a maximum angle of 102.7° Both gears exhibit excellent mesh
quality according to the mesh results.

Asillustrated in Table 3, the gear with the highest cell counts exhibits
faster mesh generation compared to the screw with fewer than one-tenth
of the number of cells. This discrepancy arises from the inherent char-
acteristics of the threaded faces in the screw, which are composed of
complex spline faces. Consequently, a substantial number of iterations
are required to calculate intersection positions and cell node space
mappings. In contrast, gears primarily comprise faces with minimal
curvature, thereby simplifying the most time-consuming process.

For periodic faces such as the sphere and cylindrical face, the peri-
odic face topology analysis methodology is thoroughly explained in
Section 3.9 of the literature [24]. A periodic face is highlighted in yellow
in Fig. 29. Mesh statistics are presented in Table 3, indicating 1772 cells
and a mesh generation time of 0.067s. The result demonstrates that the
BSSM is capable of rapidly discretizing periodic faces resulting in the
generation of high-quality mesh. Furthermore, in the case of
non-watertight structures such as gaps, it is necessary to create a new
face at the gap to form a watertight structure and utilize BSSM for mesh
generation. Since the repair of non-watertight structures is not currently
performed, numerical examples are provided.

7. Conclusions

This paper presents a novel and comprehensive approach BSSM for
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Fig. 28. Mesh result for gears.

Fig. 29. Mesh result for periodic face.

adaptive surface mesh discretization. BSSM leverages the topological
information and geometric parameters of CAD models, providing a
novel approach to deal with “dirty” geometry and generate high quality
mesh while preserving all geometric features. The main conclusions of
this research are drawn as follows:

(1) The BSSM eliminates the need for mesh mapping in most steps,
thereby accelerating the solution speed. This is achieved by

13

efficiently calculating the intersection between the background
mesh and the geometric boundary, as well as generating the
vertical edge within the boundary template.

(2) By permitting hanging nodes, BSSM demonstrates the ability to
generate a mesh of superior quality while preserving all geo-
metric features of the CAD model. Notably, although the com-
mercial software ANSYS entirely discards small features, the
mesh quality factor achieved by BSSM remains comparable. Be-
sides, it is important to highlight that the maximum cell angle in
ANSYS is substantially larger than BSSM.

(3) BSSM showcases its capability to produce high-quality conform-
ing mesh when the geometric features within the structure are of
similar sizes.

(4) BSSM exhibits strong universality and robustness in handling
complex structures, enabling fully automatic discretization of
arbitrary complex structures independent of manual operation.

Finally, it should be emphasized that the application of BSSM is
currently limited to the boundary element method. While the conversion
of nonconforming mesh to conforming mesh is not excessively arduous,
it does necessitate non-standard treatment. This is exemplified by the
difficulty of local mesh refinement due to the elimination of hanging
points.
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