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(54) Method for generating mesh model

(57) A method for generating a two-dimensional
mesh model of an object made up of a finite number of
elements and provided with nodes is disclosed. Data
about an original contour of the analysis object, including
data about contour nodes are defined. The original con-
tour is transformed by scaling up or down only in the
direction of a predetermined first axis at a predetermined
first scaling factor to obtain the transformed contour.
Based on the contour nodes and additional nodes de-
fined on the transformed contour, a primary mesh model
whose contour is the same as the transformed contour
is generated. By scaling the primary mesh model only in
the direction of the first axis at a second scaling factor
equal to the reciprocal of the first scaling factor, a sec-
ondary mesh model whose contour is the same as the
original contour is generated.
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Description

Background of the Invention

[0001] The present invention relates to a computer-implemented method for generating a mesh model according to
which a two-dimensional mesh model which is efficient in a computer implemented numerical simulation can be easily
generated.
[0002] In recent years, various computer-implemented numerical simulation methods have been suggested. (see
Japanese Patent Application Publication No. 2010-030459 for example)
[0003] In order to perform such a numerical simulation, it is necessary to generate a mesh model representing an
analysis object.
[0004] Heretofore, in order to generate a mesh model, firstly, data about the contour of the analysis object are entered
in a computer. Such contour data include data about nodes which can specify the contour of the analysis object. For
example, CAD data about the analysis object are used to prepare such contour data.
[0005] Next, by the computer, data about additional nodes are added to such contour data, and the space enclosed
by the contour of the analysis object is divided into elements (meshing process). Such meshing is automatically performed
by the computer, and usually, the density of the nodes in the X-axis direction is the same as that in the Y-axis direction.
Namely, the space is automatically, uniformly divided into elements whose aspect ratios are substantially 1.
[0006] In the meantime, in a numerical simulation, a physical quantity is computed at the positions of nodes.
[0007] From a standpoint of the computational efficiency, it is desirable that the density of the nodes is relatively
decreased in a direction in which the gradient of stress in the analysis object is relatively small, in other words, in a
direction in which it is acceptable to relatively decrease the analytical accuracy.
[0008] On the other hand, in order to increase the analytical accuracy, it is desirable that the density of the nodes is
relatively increased in a direction in which the gradient of stress in the analysis object is relatively large, in other words,
in a direction in which the analytical accuracy is need to be increased.
[0009] Either case results in an element whose aspect ratio is not 1 (one), for example, horizontally long element or
vertically long element.
[0010] In the case of a two-dimensional mesh model generated by automatic meshing, however, the nodes are defined
so that the density of the nodes in the x-axis direction becomes substantially same as that in the Y-axis direction.
Therefore, the number of the elements is liable to increase needlessly.
[0011] In such mesh model, if it is desired to arbitrarily define the density of the nodes in a specific direction, it is need
to manually change the positions of the nodes automatically, evenly defined by the computer.
Therefore, according to the conventional method for generating a mesh model, it takes much time and labor to create
an efficient mesh model of an analysis object.

Summary of the Invention

[0012] It is therefore, an object of the present invention to provide a method for generating a mesh model by which a
two-dimensional mesh model of an analysis object, which is efficient in a computer implemented numerical simulation,
can be easily generated.
[0013] According to the present invention, a computer implemented method for generating a two-dimensional mesh
model of an analysis object, which model is made up of a finite number of elements and provided with a plurality of
nodes, comprises
a process in which data about an original contour of the analysis object, including data about contour nodes which can
specify the original contour, are stored,
a transform process in which the original contour is transformed by scaling the original contour only in the direction of
a predetermined first axis at a predetermined first scaling factor to obtain data about the transformed contour,
a mesh process in which, by defining additional nodes on the transformed contour in addition to the contour nodes, and
by meshing based on all the additional nodes and the contour nodes, a primary mesh model whose contour is the same
as the transformed contour is generated,
an inverse transform process in which, by scaling the primary mesh model only in the direction of the first axis at a
second scaling factor equal to the reciprocal of the first scaling factor, a secondary mesh model whose contour is the
same as the original contour is generated as the two-dimensional mesh model of the analysis object.
[0014] In the case of the analysis object having a low-precision direction in which an analytical accuracy can be
relatively reduced, it is preferable that, in the transform process, the original contour is scaled down only in the low-
precision direction as the direction of the first axis.
[0015] In the case of the analysis object having a high-precision direction in which an analytical accuracy is required
to be relatively increased, it is preferable that, in the transform process, the original contour is scaled up only in the high-
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precision direction as the direction of the first axis.
[0016] In the case that the analysis object is a tire, it is preferable that the original contour is a contour of the tire in a
tire meridian section, and the direction of the first axis may be the direction of the axis of rotation of the tire or the direction
perpendicular thereto.
[0017] Therefore, in the two-dimensional mesh model of the analysis object, the density of the nodes can be made
different between the direction of the first axis and a direction perpendicular thereto.
[0018] For example, when the original contour is scaled up only in the first axis direction through the transform process,
the density of the nodes in the first axis direction in the secondary mesh model becomes larger than that in the primary
mesh model. Therefore, in a simulation utilizing such secondary mesh model, physical quantity computed at the positions
of the nodes is computed densely in the first axis direction, and accordingly, the analytical accuracy is improved.
[0019] In contrast, when the original contour is scaled down only in the first axis direction through the transform process,
the density of the nodes in the first axis direction in the secondary mesh model becomes smaller than that in the primary
mesh model.
Therefore, in a simulation utilizing such secondary mesh model, high analytical accuracy can be obtained, while the
number of the elements is decreased when compared with a mesh model of which node density is decreased in every
direction.

Brief Description of the Drawings

[0020]

Fig. 1 is a perspective view of a computer for implementing the method according to the present invention.
Fig. 2 is a flow chart of a method according to the present invention.
Figs. 3(A) to 3(D) are diagrams for explaining processes of generating a mesh model of an analysis object.
Fig. 4(A) is a visualization of another example of the mesh model starting from the same original contour as that in
Fig. 3(A).
Fig. 4(B) is a visualization of a mesh model generated according to the conventional method starting from the same
original contour as that in Fig. 3(A).
Fig. 5 is a visualization of data about the original contour of the analysis object which is a pneumatic tire, in the tire
meridian section.
Fig. 6 is a visualization of the data about the transformed contour obtained such that the original contour of the tire
shown in Fig. 5 is scaled down in the tire axial direction at a scaling factor "2/3".
Fig. 7 is a visualization of the primary mesh model of the tire generated based on the transformed contour shown
in Fig. 6.
Fig. 8 is a visualization of the secondary mesh model of the tire generated from the primary mesh model shown in
Fig. 7.
Fig. 9 is a visualization of a mesh model of the tire generated according to the conventional method.
Fig. 10 is a visualization of another example of the secondary mesh model of the tire generated according to the
present invention.
Fig. 11 is a visualization of a mesh model of the tire generated according to the conventional method.

Description of the Preferred Embodiments

[0021] Embodiments of the present invention will now be described in detail in conjunction with accompanying drawings.
[0022] The method according to the present invention is to generate a two-dimensional mesh model M2 of an analysis
object 2, which model is provided with a plurality of nodes 3 and 5 and made up of a finite number of elements 6, by the
use of a computer 1.
[0023] The analysis object 2 is not limited to a specific thing as far as the analysis object 2 has a certain area. Typically
the analysis object 2 is a structural object having a certain shape. But the analysis object 2 may be fluid, granular material
or the like essentially having no definite shape but filled in a space having a definite shape.
[0024] Fig. 1 shows an example of the computer 1, wherein the computer 1 comprises a main body 1a, a keyboard
1b, a mouse 1c and a display 1d. The main body 1a comprises an arithmetic processing unit (CPU), memory, storage
devices such as magnetic disk, disk drives 1a1 and 1a2 and the like. In the storage device, programs/software for
carrying out the method are stored.
[0025] Fig. 2 shows a flow chart of the method according to the present invention.
[0026] Figs. 3(A) to 3(D) show processes of generating a mesh model of the analysis object 2, taking the analysis
object 2 having a rectangular contour as an example to explain simply.
[0027] As shown in Fig. 2 and Fig. 3, in the first process s1, data D1 about an original contour of the analysis object
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2 are entered and stored in the computer 1.
[0028] Fig. 3(A) is a visualization of the data D1 about the original contour which is a two-dimensional contour of the
analysis object 2.
[0029] The data D1 about the original contour include data about contour nodes 3 which can specify the original
contour. In the simplified example shown in Fig. 3(A) having the a rectangular contour, the data D1 about the original
contour include data about four contour nodes 3 which are positioned at four corners of the rectangle.
[0030] More specifically, the data D1 about the original contour include the coordinate values of the contour nodes 3
in the employed coordinate system (in this embodiment the Cartesian x-y coordinate system) and information defining
connectors between the nodes 3 which correspond to sides 4 between the nodes 3.
[0031] Next, the computer 1 performs a transform process s2.
[0032] In the transform process S2, the data D1 are calculated such that the original contour is scaled (down/up) only
in the direction of a predetermined first axis at a predetermined first scaling factor to obtain a transformed contour, and
data D2 about the transformed contour are stored in the computer 1.
[0033] Fig. 3(B) is a visualization of the data D2 about the transformed contour obtained through the transform process
S2 from the data D1 about the original contour shown in Fig. 3 (A). The data D2 about the transformed contour shown
in Fig. 3(B) are a set of coordinate values of the transformed or shifted nodes calculated from the data D1 about the
original contour shown in Fig. 3 (A) by scaling (down) only in the direction of Y-axis at a scaling factor of 0.5.
[0034] Generically, the data D2 about the transformed contour are a set of coordinate values of the transformed or
shifted nodes calculated from the data D1 about the original contour by scaling (down/up) only in the direction of the
predetermined first axis at the predetermined first scaling factor.
[0035] In the next process S3, the computer 1 generates a primary mesh model M1 by defining additional nodes 5 on
the transformed contour of the data D2 in addition to the contour nodes 3.
[0036] Fig. 3(c) is a visualization of the primary mesh model M1. As shown, in the primary mesh model M1, the newly
defined additional nodes 5 are arranged such that the density of the nodes 3, 5 becomes substantially even in each of
the X-axis direction and Y-axis direction.
[0037] The primary mesh model M1 is meshed with elements 6 whose aspect ratios are substantially 1 (namely, 1+/-
0.2), in this embodiment, quadrilateral elements 6.
such process can be implemented in a meshing software (for example, "Femap", a product of Numerical Simulation
Tech Co., Ltd.) having a function to divide evenly.
[0038] The coordinate values of the nodes 3 and 5 defining the primary mesh model M1 are stored in the computer
1. Also, data about information defining connectors between the nodes 3, 5 are stored in the computer 1.
[0039] As for the elements 6, the use of a quadrilateral element is preferred, but it is also possible to use a triangular
element.
[0040] In the process S4, the computer 1 generates a secondary mesh model M2 whose contour is the same as the
original contour by scaling (up/down) the primary mesh model M1 only in the direction of the first axis at a second scaling
factor which is equal to the reciprocal of the first scaling factor by calculating the coordinate values of the nodes 3 and 5.
[0041] Fig. 3(D) is a visualization of the secondary mesh model M2.
[0042] In this example, to generate the secondary mesh model M2, the primary mesh model M1 is scaled up only in
the direction of Y-axis at the scaling factor "2" the reciprocal of the first scaling factor "0.5", namely,
the secondary mesh model M2 is generated by multiplying the Y-coordinate values of the nodes of the primary mesh
model M1 by 2.
[0043] The coordinate values of the nodes 3 and 5 of the secondary mesh model M2 are stored in the computer 1.
[0044] In the secondary mesh model M2, therefore, the density of the nodes (the number of nodes per unit length) in
the direction of the first axis (Y-axis) becomes smaller than the density of the nodes in the direction perpendicular to the
first axis (X-axis direction) although the contour of the secondary mesh model M2 is the same as the original contour.
Thus, the elements 6 becomes long in the first axis (Y-axis) direction, and the aspect ratio of each element 6 is substantially
2.
[0045] Accordingly, in a numerical simulation utilizing such secondary mesh model M2, physical quantity is computed
at relatively large intervals in the direction of the first axis (Y-axis) than in the perpendicular direction thereto. Therefore,
with respect to the first axis (Y-axis) direction, the computational cost in the numerical simulation can be reduced.
In the perpendicular direction (X-axis direction), on the other hand, the physical quantity is computed at relatively small
intervals which serves to improve the analytical accuracy in this direction.
[0046] It is desirable that the direction of the first axis is defined by a low-precision direction in which the gradient of
stress or the like is small and therefore the analytical accuracy can be relatively reduced if the analysis object 2 has
such low-precision direction.
[0047] The number of the elements constituting the secondary mesh model M2 becomes 1/2 of the number of the
elements when the original contour is meshed by the use of the elements shown in Fig. 3(c) having aspect ratios of
substantially 1. Therefore, in a numerical simulation utilizing such secondary mesh model M2, the computational cost
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can be reduced. According to the method in this embodiment, an efficient mesh model capable of reducing the compu-
tational cost without sacrificing the analytical accuracy can be generated easily without bothering the hand of an operating
personnel.
[0048] In the transform process of the above-described embodiment, the original contour is scaled down at a scaling
factor smaller than 1. But, needless to say, the original contour can be scaled up at a scaling factor larger than 1.
[0049] Fig. 4(A) shows a secondary mesh model M2 generated as follows. The original contour shown in Fig. 3(A) is
scaled up only in the direction of Y-axis at a scaling factor of "2" and meshed by the use of the elements having aspect
ratios of substantially 1 to generate a primary mesh model M1. Then, the primary mesh model M1 is scaled down only
in the direction of Y-axis at a scaling factor of "1/2". Accordingly, the secondary mesh model M2 is made up of elements
6 whose aspect ratios are 0.5.
[0050] In the secondary mesh model M2 in this embodiment, the density of the nodes in the direction of Y-axis (first
axis) is higher than that in the direction of x-axis.
[0051] In a simulation utilizing the secondary mesh model M2 in this embodiment, therefore, the analytical accuracy
in the direction of Y-axis can be improved because the physical quantity which is computed at the positions of the nodes
is computed densely in the direction of Y-axis.
[0052] In this embodiment, therefore, if the analysis object 2 has a high-precision direction in which the gradient of
stress or the like is relatively large and it is desirable that the analytical accuracy is relatively increased, then it is preferred
that the direction of the first axis is defined by such high-precision direction.
[0053] Fig. 4(B) shows a mesh model M3 generated by utilizing elements whose aspect ratios are 1 to have the same
Y-axis-direction precision as Fig. 4(A).
when compared with the number of the elements of this mesh model shown in Fig. 4(B), the secondary mesh model M2
of the embodiment shown in Fig. 4(A) becomes one half. Accordingly, without decreasing the analytical accuracy in the
Y-axis direction, the computational cost can be reduced.
[0054] Fig. 5 shows a pneumatic tire 10. The tire 10 is geometrically symmetric about the tire equator C. The tire 10
comprises a tread portion 11, a pair of sidewall portions 12, a pair of bead portions 13, a toroidal carcass 14, a belt 15
radially outside the carcass 14, a band 16 on the radially outside of the belt 15, and rubber members disposed outside
the carcass 10 and the belt/band.
The rubber members include a cap tread rubber 17 provided with tread grooves defining a tread pattern.
[0055] In the case that such tire 10 is the analysis object 2, the contour of the above-mentioned data D1 include the
contour of the tire 10 as a whole as well as the contours of the respective structural members constituting the tire 10.
Data about the coordinates of the nodes specifying such contours and connector between the nodes are stored in the
computer 1.
[0056] Fig. 6 is a visualization of the data D2 about the transformed contour of the tire 10.
In this embodiment, only in the direction of the rotational axis of the tire (X-axis) as the first axis, the original contour
(data D1) is scaled down at a scaling factor "2/3".
[0057] Fig. 7 shows the primary mesh model M1 generated by defining nodes 5 on the transformed contour (data D2)
shown in Fig. 6 and meshing based on all the nodes 3 and 5. Thus, in the primary mesh model M1, all of the structural
members including the rubber members are meshed. In this embodiment, the tread cap rubber 17 is defined by quad-
rilateral elements 6. other portions are defined by quadrilateral elements 6 and triangular elements 6. Excepting the
internal structural members, the rubber portions are divided into elements whose aspect ratios are substantially 1(1+/-0.2).
[0058] Fig. 8 is a visualization of the secondary mesh model M2 generated by scaling up the primary mesh model M1
of Fig. 7 only in the X-axis direction at the second scaling factor "3/2" or the reciprocal of the first scaling factor "2/3",
namely, by multiplying the X-coordinate values of the nodes 3 and 5 of the model M1 by 3/2.
Accordingly, the secondary mesh model M2 has the same contour as the original contour.
In the secondary mesh model M2, therefore, the density of the nodes in the tire axial direction is relatively decreased
without changing the density of the nodes in the tire radial direction.
Thus, the secondary mesh model M2 in this embodiment is suitable for such a numerical simulation that the tire axial
direction is the low-precision direction (or the high-precision direction is the tire radial direction).
For example, a numerical simulation in which vertical loads are applied to the tire is included in such numerical simulation.
[0059] Fig. 9 is a visualization of a mesh model M3 in which the tread cap rubber 17 is divided evenly in the tire axial
direction and tire radial direction, as is conventional. In the tread cap rubber 17, the density of the nodes in the Y-axis
direction is same as that of the Fig. 8 model. Therefore, in the secondary mesh model M2 shown in Fig. 8, the number
of the elements representing the tread cap rubber is decreased.
Excepting the tread cap rubber 17, the Fig. 9 model M3 is the same as the Fig. 8 model.
[0060] Fig. 10 shows still another embodiment of the present invention.
In Fig. 10, the secondary mesh model M2 of the tire has the same original contour as Fig. 5.
In this secondary mesh model M2, the tread cap rubber 17 is modeled by the use of triangular elements 6. other portions
are same as Fig. 8.
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[0061] Fig. 11 shows a mesh model M3 of a tire having the same contour as Fig. 5, wherein the tread cap rubber 17
is modeled by the use of triangular elements 6, and which is generated by the conventional method (dividing evenly in
the tire axial direction and tire radial direction).
When compared with this mesh model M3, the tread cap rubber 17 in the secondary mesh model M2 shown in Fig. 10
as an embodiment can be modeled by a less number of the elements than the mesh model M3.

Comparison Tests

[0062] According to the procedure shown in Fig. 2, secondary mesh models M2 (Ex.1 and Ex.2) of a pneumatic tire
(size 235/50 R18) were generated. For comparison, mesh models (Ref.1 and Ref.2) of the same pneumatic tire were
generated according to the conventional method (dividing evenly in the tire axial direction and tire radial direction).
Those mesh models and generating methods were compared as follows.

< Simulation accuracy test >

[0063] with respect to each of the mesh models, the vertical spring constant of the tire under a tire load of 5 kN and
a tire pressure of 230 kPa was calculated by the use of a software for finite element analysis "ABAQUS" a product of
ABAQUS, Inc. The results are indicated in Table 1 by an index based on the measured vertical spring constant of the
actual tire being 100. If the index number is within the range of 95 to 105, the accuracy is considered as being good.
[0064] Further, the analysis time (taken to obtain the vertical spring constant) and also the mesh-model-generating
time were measured with respect to each of the mesh models. The results are indicated in Table 1.

Claims

1. A computer-implemented method for generating a two-dimensional mesh model of an analysis object, which model
is made up of a finite number of elements and provided with a plurality of nodes, comprising
a process in which data about an original contour of the analysis object, including data about contour nodes which
can specify the original contour, are stored,
a transform process in which the original contour is transformed by scaling the original contour only in the direction
of a predetermined first axis at a predetermined first scaling factor to obtain data about the transformed contour,
a mesh process in which, by defining additional nodes on the transformed contour in addition to the contour nodes,
and by meshing based on all the additional nodes and the contour nodes, a primary mesh model whose contour is
the same as the transformed contour is generated, and
an inverse transform process in which, by scaling the primary mesh model only in said direction of the first axis at
a second scaling factor equal to the reciprocal of the first scaling factor, a secondary mesh model whose contour
is the same as the original contour is generated as the two-dimensional mesh model of the analysis object.

2. The method according to claim 1, wherein
the analysis object has a low-precision direction in which an analytical accuracy can be relatively reduced, and
in the transform process, the original contour is scaled down only in the low-precision direction as the direction of

Table 1

Ref.1 Ex.1 Ref.2 Ex.2

mesh model Fig. 9 Fig. 8 Fig. 11 Fig. 10

element shape quadrilateral quadrilateral triangular triangular

number of elements constituting tread cap rubber 181 125 750 221

number of elements constituting the rest (*) 1800 1800 1800 1800

accuracy 102 102 104 104

model generating time (hour) 0.5 0.75 0.5 0.75

analysis time(hour) 2.5 2 6 3

total time (hour) 3 2.75 6.5 3.75

*) the rest of the tire excepting the tread cap rubber
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the first axis.

3. The method according to claim 1, wherein
the analysis object has a high-precision direction in which an analytical accuracy is required to be relatively increased,
and
in the transform process, the original contour is scaled up only in the high-precision direction as the direction of the
first axis.

4. The method according to claim 1 or 2, wherein
the analysis object is a tire,
the original contour is a contour of the tire in a tire meridian section, and
the direction of the first axis is the direction of the axis of rotation of the tire.

5. The method according to claim 1 or 3, wherein
the analysis object is a tire,
the original contour is a contour of the tire in a tire meridian section, and
the direction of the first axis is perpendicular to the direction of the axis of rotation of the tire.
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