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SUMMARY

In the present study, a hexahedral mesh generator was developed for remeshing in three-dimensional
metal forming simulations. It is based on the master grid approach and octree-based re<nement scheme
to generate uniformly sized or locally re<ned hexahedral mesh system. In particular, for re<ned hexahe-
dral mesh generation, the modi<ed Laplacian mesh smoothing scheme mentioned in the two-dimensional
study (Part I) was used to improve the mesh quality while also minimizing the loss of element size
conditions. In order to investigate the applicability and e?ectiveness of the developed hexahedral mesh
generator, several three-dimensional metal forming simulations were carried out using uniformly sized
hexahedral mesh systems. Also, a comparative study of indentation analyses was conducted to check
the computational e@ciency of locally re<ned hexahedral mesh systems. In particular, for speci<cation
of re<nement conditions, distributions of e?ective strain-rate gradient and posteriori error values based
on a Z2 error estimator were used. From this study, it is construed that the developed hexahedral mesh
generator can be e?ectively used for three-dimensional metal forming simulations. Copyright ? 2002
John Wiley & Sons, Ltd.
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1. INTRODUCTION

As the <nite element method has become one of the most popular tools to solve various
engineering problems, mesh generation for complicated geometries has become an important
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issue [1–5]. In particular, since successive remeshing processes are required in metal form-
ing simulations, mesh generation becomes a necessary prerequisite for development of metal
forming simulation system.
Mesh generation algorithms for complicated three-dimensional solids generally produce

tetrahedral or hexahedral elements or a combination of these two types. Usually, a mesh
is constrained in terms of elements requiring to share common facets, that is, the conformity
condition must be satis<ed. In this regard, tetrahedral and mixed element meshing algorithms
are less constrained compared to hexahedral algorithms; hence, many robust and stable auto-
matic mesh generation algorithms, such as Delaunay triangulation [6–10], octree decomposi-
tion [11–15], and advancing front technique [16–18] have been successfully developed.
Up to now, a great number of schemes have been developed for hexahedral mesh gen-

eration, but unfortunately, none of them are perfect in terms of robustness or automation.
The existing schemes can be classi<ed into following three categories. The <rst category is
based on the mapping=sweeping scheme for generation of all-structured hexahedral mesh sys-
tems [19–24]. The second category is based on the plastering [25–27] and whisker-weaving
[28–31] algorithms. In particular, the plastering scheme is a type of three-dimensional advanc-
ing front technique applied to hexahedral elements. And the other well-known category is the
grid-based approach, which involves initial grid generation, removal of exterior elements, and
boundary mesh <tting [32; 33]. Although grid-based approaches produce well-shaped struc-
tured elements in the interior of solids, they generally produce poorly shaped elements on
the boundary. In spite of such undesirable features, many studies have been carried out in
this category because the approach is somewhat simple to implement and more suitable for
most mesh generation problems. As a result, considerable progress in this approach has been
achieved.
Apart from these, it is well-known that adaptive <nite element analysis with error esti-

mation is a very important research issue in the <eld of many engineering problems. In
particular, in the <nite element analysis of metal forming processes, as local stress concentra-
tions and severe deformations due to contact between dies and the workpiece occur frequently,
an adaptive analysis can be signi<cantly bene<cial in achieving more accurate and e@cient
simulations.
Adaptive analysis has usually taken the form of one of the following [34]. The most com-

mon method is h-adaptation which reduces the element size in a speci<ed region to improve
the solution accuracy. Another method is p-adaptation which increases the polynomial order
of the shape function without changing the initial mesh con<guration. Some authors intro-
duced r-adaptation in which an initial mesh is modi<ed by changing the position of nodes
to achieve improvement in accuracy.
Mesh re<nement is a procedure in which an initial solution is computed for a coarse

mesh system which is then re<ned in speci<c regions where the solution errors are too
large. In this sense, mesh re<nement can simply be considered to be equivalent with h-
adaptation. Many studies have been carried out for such mesh re<nement procedure, but most
focused on two-dimensional triangular and quadrilateral or three-dimensional tetrahedral ele-
ments [35–41]. This is because for these elements, an adaptive mesh generation process is less
complicated and constrained compared to the case of hexahedral elements due to geometrical
simplicity.
The adaptive hexahedral mesh generation algorithms that have been developed to this day

possess a certain amount of limitations. Yang et al. [42] proposed the modular mesh generation
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scheme in which hexahedral mesh systems were generated by the use of combinations of
various module libraries. They applied the scheme for analyses of bevel gear forging and Lat
die extrusion, and it was shown that this scheme is quite e?ective for metal forming analyses.
However, this scheme has the limitation in the sense of automation due to the complexity
incurred in the course of combining the various modules. In another study, Schneider et al.
[32] proposed the octree-based hexahedral mesh re<nement scheme. This approach is similar
to the modular scheme in that transition templates are used to meet the geometric conformity
condition, but it has the merit that automation of re<nement can be easily achieved due to
the characteristics of the octree-based level structure in recursive decomposition.
In the present study, a hexahedral mesh generator based on the master grid approach and

octree-based re<nement scheme was developed as part of a three-dimensional metal forming
analysis system, CAMPform-3D [43]. The <nite element solver for CAMPform-3D was based
on the thermo-rigid–viscoplastic approach and constant shear friction model was implemented
at the dies and workpiece interface [44; 45]. The developed hexahedral mesh generator was
designed to be applied for both uniformly sized and locally re<ned hexahedral mesh systems.
The development of the hexahedral mesh generator based on the master grid approach and
octree-based hexahedral mesh re<nement will be explained in Sections 2 and 3. And the
results of several metal forming simulation examples using uniformly sized or locally re<ned
mesh systems will be discussed in Section 4.

2. PROCEDURE OF MASTER GRID APPROACH

As mentioned, one of the hexahedral mesh generators developed in this study is based on
the master grid approach proposed by Lee et al. [33]. The main idea and algorithm of the
master grid approach are similar to those of other conventional grid-based approaches, but
they proposed the following two concepts desirable for metal forming simulations.
First, as its name suggests, the initial core mesh system is similar in shape to the original

solid geometry, so that robustness of mesh generation and boundary element quality can be
improved compared to conventional cases that use cubical cores. Also, this concept can be
extended to locally re<ned mesh system. That is, a re<ned core mesh can be used to e@ciently
generate locally re<ned hexahedral mesh system.
Second, the master grid approach is able to generate well-shaped elements near the geo-

metric boundary by using the concept of surface element layer (SEL). This SEL generation
process has subdued the irregularity of poorly shaped boundary elements. As a result, hexa-
hedral mesh system that is suitable for the <nite element analysis of metal forming processes
can be generated.
Figure 1 shows the overall procedure of the hexahedral mesh generation process. As shown

in this <gure, hexahedral mesh generation is carried out through the following six steps.

2.1. Boundary surface construction

When the input of the degenerated hexahedral mesh system is given in a speci<ed for-
mat, a boundary surface enclosing the mesh system is constructed by a triangular surface
mesh system. Figure 2 shows the procedure of the boundary surface construction process.
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Figure 1. Overall procedure of the hexahedral mesh generation process.

Doubly-defined
 Faces : Inner Face
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 Faces : Free Face

Free Face Extraction

Triangular Decomposition

Figure 2. Schematic diagram of boundary surface construction.

As shown in Figure 2, this process is conducted through free face extraction and triangular
decomposition.
Hexahedral elements have six quadrilateral faces. Each face can be classi<ed into singly or

doubly de<ned by the number of attached elements. Then, singly de<ned and doubly de<ned
faces can be recognized as free and internal faces, respectively. In this way, free faces can be
easily extracted and collected to determine the boundary of the solid object. Finally, triangular
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Figure 3. Schematic diagram of CV and CL construction process.

decomposition is carried out by dividing the quadrilateral free faces in the shorter diagonal
direction.

2.2. Characteristic vertex (CV) and characteristic line (CL) construction

Usually, a three-dimensional workpiece model used in metal forming contains sharp corner
points and edges. Apart from inherently existing sharp points or edges, many such singulari-
ties are induced from the treatment of symmetric characteristics during FEM analyses. More
speci<cally, metal forming products usually contain planes of symmetry that can be made use
of to decrease computational time during FEM analysis. That is, depending on geometrical
symmetry only 1

2 ;
1
4 , or

1
8 models of the original workpiece model can be used with appro-

priate boundary conditions. Dividing the workpiece by the planes of symmetry results in the
generation of sharp corner points and edges in such regions. For example, a sharp edge is
formed at the intersection of two symmetric planes and a sharp corner point is created at the
intersection point of three symmetric planes.
These sharp points and edges cause problems in the surface treatment, more precisely, a

unique normal vector does not exist at these points and edges. Thus, for special treatment of
such points and edges, existing sharp corner points and edges are extracted and classi<ed as
characteristic vertex (CV) and characteristic edge (CE), respectively.
Figure 3 describes the process of CV and CL construction. As shown, this process is carried

out through the following three steps. (i) CE extraction: an edge where the angle between
the normal vectors of adjacent triangular elements is larger than a critical value is de<ned
as a characteristic edge (CE). (ii) CV selection: a point which is connected to three CEs is
de<ned as a CV. (iii) CL construction: the sequence of CEs starting from an arbitrary CV
and ending at another CV. The generation of CVs and CLs is made in an arbitrary order, so
the numberings of CVs and CLs shown in Figure 3 have no particular meaning.
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Figure 4. Typical examples of: (a) a structured grid system; (b) an unstructured grid system; and
(c) a locally re<ned grid system used in the core mesh generation step.

2.3. Core mesh generation

As mentioned, most of the works using the grid-based approach used fully structured core
mesh systems, in which a solid object is enclosed by equally sized hexahedral elements.
Such a fully structured core mesh system is easy to construct and provides good meshes
for many cases. However, in some metal forming analyses, the angle between symmetric
planes of the workpiece may not be 90◦, and thus such fully structured core mesh systems
are not adequate. For example, in the case where symmetric planes of the workpiece do
not coincide with the yz-plane, but only with xz-plane, core meshes are made in a wedge
shape to better describe the workpiece geometry as shown in Figure 4(b). Therefore, in this
investigation, fully structured and unstructured but less regular cores shown in Figure 4(a)
and (b) were used as the initial core mesh system. In addition, for locally re<ned hexahe-
dral mesh generation, a locally re<ned initial core as shown in Figure 4(c) was used in this
study.
The construction of the initial core mesh system enclosing the solid object is followed by

the removal process of exterior cells. This removal process is conducted by superimposing the
initial core mesh system over the solid object and taking the grid points and core elements
in the interior region as the nodes and elements, respectively. In order to determine whether
a certain core element is in the interior region of a solid object, the status of the eight grid
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Figure 5. Schematic diagrams of: (a) core mesh generation; and (b) the even and odd parity rules.

points composing the cell is examined, and then the status of the cell is determined by the
number of interior grid points. Figure 5(a) shows the concept of this process.
The status of grid points, that is, whether they are in the interior or exterior of the solid,

is determined by the even and odd parity rule. The algorithm for this even and odd parity
check is as follows:

Algorithm for even and odd parity check:

For i=1; all grid points of the core mesh system
For j=1; all triangle surface elements
Create an in7nite line of any direction Li starting at the ith grid position
If Li intersects the jth triangle element and the ith grid is not on the jth triangle
element, then counti = counti + 1

Next j
If counti is odd; then the ith grid point is in the interior
Otherwise; the ith grid point is in the exterior

Next i

Figure 5(b) shows examples of grid points determined as interior and exterior grid points
using this rule.
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Figure 6. Schematic description of the recursive searching scheme.

2.4. Boundary mesh 7tting

Since the generated core mesh system from the previous steps is composed of rugged shaped
boundary elements that do not follow the shape of the old mesh geometry, every node on
the boundary is enforced to move to the boundary surface. This process is conducted through
three <tting steps, namely, (i) create characteristic vertex node (CVN) by moving the closest
node to each CV to the position of the corresponding CV, (ii) adjust nodes near each CL by a
proper tracing algorithm, and (iii) <t the remaining boundary nodes by a projection technique.
In particular, the tracing algorithm for stage (ii) selects the best quali<ed node among the

nodes attached to a CVN as the next node and this next node is projected onto the CL. This
searching process for the next node is recursively continued until another CVN is reached.
Figure 6 describes this process of selecting the next candidate node after the node Np has been
projected onto the CL. The next best quali<ed node is selected as the node which minimizes
the following function:

f=(1− tc · ti) + di
max(d1; d2; C0)

for i=1; 2 (1)

Here, di is the distance from a candidate node to the CL and ti and tc are the normalized
vector in the edge direction and the normalized tangent vector of the CL, respectively. And C0

is a positive constant set as the given element size during the core mesh generation process.
The <rst term in Equation (1) indicates that the node with tangential direction ti that is closest
to the direction of tc will be chosen as the next candidate node. And the second term, which
is normalized using max(d1; d2; C0), indicates that the node which is closest to the current
node Np will be chosen. Thus, Equation (1) physically means that the closer node directed
in almost the same direction as the CL will be chosen as the next quali<ed node.
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2.5. Mesh smoothing

Owing to compulsive movement of the boundary nodes, the generated hexahedral elements
are poorly shaped near the boundary surface. Therefore, a smoothing technique that moves
all such nodes to improve the global quality of the mesh system is carried out. More
speci<cally, this process involves the three steps of (i) smoothing all nodes projected onto
the CL, (ii) smoothing remaining boundary nodes and (iii) smoothing all interior
nodes.
For smoothing nodes projected onto the CL, the positions of nodes are determined in the

following manner. If k is the number of nodes on the CL, then the positions of the <rst node
N0 and the last node Nk−1 are <xed while the other nodes in between are moved to new
positions by the following equation:

k−1∑
i=1

(∫ s

0

ds
hi(s)

)
=m; m=1; : : : ; k − 2 (2)

Here, s is a parametric value varying from 0 to 1 and hi(s) is the element size function de<ned
on a segment between two nodes Ni−1 and Ni. The element size function, hi(s), is de<ned
as hi(s)= sh2 + (1− s)h1 where h1 and h2 are the element size values at nodes Ni−1 and Ni,
respectively. The ds=hi(s) in the integral indicates the number of elements per unit length, and
thus integrating from s=0 to 1 gives the total number of elements on the segment between
nodes Ni−1 and Ni. And by summing from i=1 to k−1, the left-hand side of Equation (2)
indicates the total number of elements on the CL. Therefore, by <nding the segment and the
corresponding value of s that satis<es Equation (2) for m=1 will give the position of node
N1. This same procedure was applied for increasing values of m until m= k−2 to <nd all
nodal positions (see Figure 7).
Secondly, for smoothing of the remaining boundary nodes, the modi<ed Laplacian smooth-

ing scheme proposed in the two-dimensional study (Part 1) is used. The conventional volume-
weighted Laplacian smoothing scheme can be successfully used to improve the mesh quality,
but it has the risk of not following the speci<ed element size condition for locally re<ned mesh
system. Thus, in order to complement such de<ciency, the following repositioning equation
was used in this study:

Pnew =w
∑m

k=1CkAk∑m
k=1Ak

+ (1− w)
∑n

k=1XkWk∑m
k=1 Wk

Wk =2=(Sk + S0)

(3)

Here, m and n are the number of adjacent free faces and adjacent nodes on the free faces,
respectively. Ck and Ak are the centre position and area of each adjacent face, respectively. S0
is the element size value of the node to be repositioned, and Sk and Xk are the element size
and position of each adjacent node, respectively as shown in Figure 8. And w is a constant
value ranging from 0 to 1. Since the node may not be on the boundary after the smoothing
movement, the node should be projected onto the boundary surface.
After smoothing the boundary nodes from the previous steps, smoothing of interior nodes

is carried out in a similar manner for the remaining boundary node smoothing as follows:
Equation (3) was used again except that the terms of adjacent free faces were replaced
with those of adjacent hexahedral elements. That is, m becomes the number of hexahedral
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Figure 7. Schematic description of the smoothing of node positions on CL.
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Figure 8. Schematic description of the determination of a new node location for remaining
boundary node smoothing.

elements surrounding the node, n the number of adjacent nodes, and Ak the volume of each
adjacent element.

2.6. Surface element layer (SEL) generation

As previously mentioned, one of the major defects of conventional grid-based mesh generation
is that poorly shaped or severely distorted elements are often generated at the boundary due
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(c) Face Mode

(b) Edge Mode

(a) Vertex Mode

Figure 9. Schematic descriptions of three SEL modes and the generation method for each mode:
(a) vertex; (b) edge; and (c) face modes.

to the compulsive boundary <tting process. Thus, in order to resolve this problem and make
the approach more boundary sensitive, the concept of the surface element layer (SEL) with
zero thickness was introduced.
In this study, the entire boundary mesh system is wrapped by surface elements with zero

thickness, and then repositioning of all nodes is conducted by the smoothing process. This
process has the e?ect of moving the original poorly shaped boundary elements into the interior
region resulting in improvement of the quality of boundary elements.
The elements of SEL are generated by creating new nodes in the identical position of ex-

isting boundary nodes. However, depending on the type of boundary node the number of
newly created nodes for the SEL should be di?erent in order to meet the requirements
of conformity. The three di?erent modes of SEL generation depending on the type of bound-
ary node, namely, (i) vertex, (ii) edge, and (iii) face modes, are illustrated in Figure 9. As
can be seen, for vertex, edge, and face modes 7, 3, and 1 new SEL nodes need to be created,
respectively. Although this <gure displays the SEL with a <nite thickness, this is only for
display purpose. The newly created SEL elements will actually have zero thickness since all
nodes will be at the same position of corresponding boundary nodes.

2.7. Mesh generation example

Figure 10 illustrates the procedure of uniformly sized hexahedral mesh generation for remesh-
ing at an intermediate stage of spur gear forging simulation. In this case, remeshing was
required due to degenerated elements in the region indicated by the dashed box shown in
Figure 10(a).
After the old mesh system was given as the input geometry, triangular boundary mesh

system and CV=CL were constructed as shown in Figures 10(b) and (c), respectively. The
core mesh system was obtained by <rstly constructing a cube-shaped hexahedral mesh system

Copyright ? 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2002; 53:2501–2528
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 10. The procedure of uniformly sized hexahedral mesh generation for remeshing at an interme-
diate stage of spur gear forging simulation: (a) old mesh; (b) triangular boundary mesh; (c) CV=CL;
(d) initial core mesh; (e) core mesh after removal of exterior elements; (f) boundary <tted mesh; (g)

boundary <tted mesh after smoothing; (h) SEL generated mesh; and (i) <nal mesh.

enclosing the boundary surface and then removing the exterior elements as shown in Figures
10(d) and (e), respectively. Figures 10(f) and (g) show the boundary <tted mesh system
before and after smoothing, respectively. It can be seen that the mesh system of Figure
10(g) has poorly shaped elements near the boundary surface. The <nal mesh system with
well-shaped boundary elements was <nally obtained by applying SEL generation as shown in
Figure 10(h). The SEL generation process is shown step by step in Figure 11. Although this
<gure displays the SEL with a <nite thickness, this is only for display purpose, as it actually
has zero thickness.
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(a)

(b) (c)

Figure 11. Illustration of the SEL generation process: (a) face mode; (b) edge
mode; and (c) vertex mode.

3. HEXAHEDRAL MESH REFINEMENT

In general, an adaptive analysis means that the solution accuracy is improved while compu-
tational cost is minimized through adaptation of the <nite element model according to the
characteristics of the given engineering problem. In particular, in metal forming analyses, as
local stress concentrations and severe deformations due to contact with dies frequently oc-
cur, an adaptive analysis can signi<cantly improve the accuracy and e@ciency of the analysis.
Therefore, in the present investigation, for development of an adaptive hexahedral mesh gener-
ator, an octree-based hexahedral mesh re<nement scheme was implemented into the developed
hexahedral mesh generator.
The main idea of the octree-based re<nement scheme is to construct an initial octree struc-

ture by recursive decomposition process in accordance to the prescribed element size con-
ditions and then to convert each octant into a hexahedral element. During the conversion
process, appropriate transition templates are inserted in order to satisfy the geometric confor-
mity condition. Figure 12 shows the entire re<nement procedure.

3.1. Initial octree construction
The re<nement scheme used in this study is based on the study by Schneider et al. [32], but
with a small modi<cation. In their study, a bounding cube that contains the entire solid object

Copyright ? 2002 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Engng 2002; 53:2501–2528
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 Point and Size
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Octree Technique
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by Insertion of Proper Templates

Transition Region

: Irregular Node

Figure 12. Schematic diagram of the octree-based mesh re<nement procedure.

(a) (b)

Figure 13. Schematic description of the: (a) conventional octree; and the (b) modi<ed octree
structure using a bounded grid system.

was chosen as the root octant, and recursive decomposition was carried out until the speci<ed
size conditions were satis<ed. This can lead to the generation of a great number of unnecessary
exterior elements if the aspect ratio of the bounding hexahedron enclosing the solid geometry
is large. In order to resolve this problem, a uniformly sized grid system bounding the solid
geometry is generated in a similar manner as that in the core mesh generation process prior
to the recursive decomposition step in this investigation. Figure 13 describes the di?erence
between these two schemes in two-dimensional sense.
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For recursive decomposition at the local regions, element size conditions should be speci<ed
in an appropriate manner. For this purpose, the subdivision level of each octant is <rstly
de<ned as follows:

De7nition 1
The octant subdivision level (OSL) is de<ned as the number of decompositions from the
initial grid system. For instance, OSL of every octant in the initial grid system is assigned as
zero and levels of all direct children octants are assigned as one.

In this study, it is assumed that element size conditions are provided in terms of (Pi ; hi),
where Pi and hi are the position to be re<ned and the element size at that position, respectively.
Then, such element size conditions are changed into the re<nement level conditions in terms
of (Pi ; Li), where Li is an integer value of division level of octant size according to the
element size value hi. Recursive decomposition is carried out after all re<nement conditions
are speci<ed.

3.2. Conversion of octant to hexahedral element

After an initial octree structure is constructed as described in the previous section, conversion
of octants into hexahedral elements is carried out through the following three steps, namely,
(i) a simple conversion process, (ii) detection and classi<cation of transition elements, and
(iii) substitution of transition elements with appropriate templates.
First, in the simple conversion process of step (i), each octant with no children octants

is simply converted into a hexahedral element. In the case that children octants exist, which
means that the region of the octant is occupied by higher-order octants, each child octant
is converted into a hexahedral element. The second step, the detection and classi<cation of
transition elements play a crucial role in the automatic re<nement process. As can be seen in
Figure 12, the recursive decomposition process creates irregular nodes at the interface between
the subdivided and surrounding regions, which violate the conformity condition. Thus, the
existence and location of such irregular nodes must be properly detected. For this purpose,
the terms element subdivision level (ESL), node subdivision level (NSL), and re7nement
control node (RCN) are de<ned as follows:

De7nition 2
The ESL is de<ned as the subdivision level of the octant which has been converted into a
hexahedral element.

De7nition 3
The NSL is de<ned as the maximum ESL among the attached elements to a corresponding
node.

De7nition 4
In an element, it might occur in which the NSL of nodes is di?erent from each other. In
this case, a node whose NSL is greater than that of other elemental nodes is de<ned as the
RCN.

Figure 14 illustrates the determination of both subdivision levels and the detection of RCNs.
As shown, once RCNs have been determined, elements that surround the RCNs are labelled
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Figure 14. Schematic diagrams of the determination of: (a) the ESL; (b) the NSL; and (c) the templates
required for satisfying comformity conditions.

(a) (b) (c) (d)

Figure 15. Schematic diagrams of the four major RCN con<gurations in three-dimensions: (a) vertex;
(b) edge; (c) face; and (d) solid modes.

as transition elements. Then, such transition elements are classi<ed into appropriate transition
modes depending on the RCN con<guration and appropriate templates are applied. This pro-
cess can be simply extended to the three-dimensional case, but a much greater number of
RCN con<gurations can exist in three-dimensions. Therefore, as an initial attempt, only four
major RCN con<guration modes proposed by Schneider et al. [32] were used in the present
investigation. Figure 15 shows the four major RCN con<gurations, each named as vertex,
edge, face, and solid mode, respectively.
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Figure 16. Schematic diagrams describing the decomposition scheme of each template for the
corresponding con<guration mode: (a) vertex; (b) edge; (c) face; and (d) solid modes.

Figure 16 shows the decomposition scheme of each template for the corresponding con-
<guration mode. It should be noted that RCN con<gurations not consistent with one of the
four major modes, will be transformed into consistent ones as shown in Figure 17. By doing
this, the robustness of re<nement can be ensured, but propagation of the re<nement region
into unre<ned regions is unavoidable. Thus, the development of templates corresponding to
all RCN con<guration modes is required in the future.

3.3. Mesh generation example

In order to examine the applicability and stability of the re<nement algorithm used in this
study, the re<nement process was carried out for a cubical model under three di?erent re<ne-
ment conditions. Figure 18 shows the three di?erent re<nement conditions and resultant locally
re<ned hexahedral mesh systems. Figure 19 shows an example of locally re<ned hexahedral
mesh generation for a more practical case. This is the same example as in Figure 10 except
that a locally re<ned core mesh system is initially used. From these results, it was found that
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4 RCN

5 RCN 6 RCN 7 RCN 8 RCN

Vertex Edge Face Solid

Figure 17. Schematic description of the transformation process from inconsistent RCN con<gurations
to one of the four major modes.

the mesh re<nement process can be successfully applied to the generation of locally re<ned
hexahedral mesh systems with general geometries.

4. METAL FORMING SIMULATION EXAMPLES

As mentioned, the developed hexahedral mesh generator was implemented into CAMPform-
3D, which is a three-dimensional metal forming simulator. In this study, several three-
dimensional metal forming analyses were carried out using CAMPform-3D [43] to check the
applicability of the developed hexahedral mesh generator. Also, in order to investigate the
e?ectiveness of locally re<ned mesh generation, a comparative study of indentation analyses
was carried out.

4.1. Examples: uniformly sized hexahedral remeshing

Figure 20 shows the analysis conditions used for the three-dimensional benchmark simula-
tion. As can be seen, this simulation was carried out through two steps, namely, preform
upsetting and backward extrusion. It was assumed that the die velocity and friction factor
were 1:0 mm=s and 0.25. The hardening factor and exponent of Low equation were assumed
to be 763:1 N=mm2 and 0.245, respectively. It can be expected that large deformation will
occur during the second backward extrusion process. In fact, the completion of simulation was
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Level 1 Refinement

Level 1 Refinement

Level 1 Refinement

Level 2 Refinement

Condition 1

Condition 2

Condition 3

Figure 18. Di?erent re<nement conditions and resultant locally re<ned hexahedral mesh systems.

achieved with <ve remeshing stages as shown in Figure 21. The maximum e?ective strain at
the <nal stage was calculated to be 2.83.
Figure 22 gives the analysis conditions for the closed-die spur gear forging simulation. As

shown in this <gure, it was assumed that the material was Al6061-T4 aluminium alloy and
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Figure 19. The procedure of locally re<ned hexahedral mesh generation for remeshing at an intermediate
stage of spur gear forging simulation: (a) old mesh; (b) triangular boundary mesh; (c) CV=CL; (d)
initial core mesh; (e) core mesh after removal of exterior elements; (f) boundary <tted mesh; (g)

boundary <tted mesh after smoothing; (h) SEL generated mesh; and (i) <nal mesh.

the die velocity and friction factor were 1:0 mm=s and 0.2, respectively. This simulation was
successfully completed with only one remeshing process and complete <lling was achieved
as shown in Figure 23. The maximum e?ective strain at the <nal stage was calculated to be
2.63.
The third simulation example is that of closed-die connecting rod forging. This simulation

was carried out through the two steps shown in Figure 24. As shown in this <gure, this
analysis was carried out with the same material and die velocity condition as in the case
of spur gear example but the friction factor was assumed to be 0.16. In this case, seven
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Figure 20. Analysis conditions of the three-dimensional benchmark simulation.

remeshing stages were required for the completion of simulation and the maximum e?ective
strain at the <nal stage was calculated to be 4.61. Figure 25 shows the <nal deformed shape.
From these three results, it can be seen that the developed hexahedral mesh generator can

be successfully used for remeshing in three-dimensional simulation of practical metal forming
processes.

4.2. Examples: locally re7ned hexahedral remeshing

In this study, indentation analyses with a spherical punch as shown in Figure 26 were carried
out for the purpose of investigating the e?ectiveness of locally re<ned mesh systems compared
to uniformly sized mesh systems during the remeshing process. For this, the analysis using an
initial mesh system with 512 elements was carried out until remeshing was required and then
it was continued by remeshing to di?erent mesh systems. Figure 27 shows four uniformly
sized mesh systems with 574, 1088, 2179, and 4056 elements and two locally re<ned mesh
systems with 1023 and 1099 elements obtained by remeshing. Re<nements of Case 5 and
Case 6 were based on Z2 posteriori error analysis results and the distribution of e?ective
strain rate gradient, respectively.
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Figure 21. Con<gurations of the original and reconstructed mesh systems during the second backward
extrusion process of the benchmark simulation.

Figure 22. Analysis conditions of the closed-die spur gear forging simulation.

In particular, in the current investigation, total error energy, global relative error energy,
forming load, and CPU time were examined for each as summarized in Table I. Here
the total error energy and global relative energy are represented as percentages with re-
spect to those values calculated for the initial mesh system with 512 elements immediately
before remeshing. Total error energy, ‖e‖, and global relative error energy ! are de<ned
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Figure 23. Deformed shape at the <nal stage of the closed-die spur gear forging simulation.

as follows:

‖e‖=
[∫

Q

2 R"
3 Ṙ#

(#̇∗ − ˆ̇#)T(#̇∗ − ˆ̇#) dQ
]1=2

; !=
‖e‖
‖U‖ (4)

Here, #̇∗; ˆ̇#, and ‖U‖ are the recovered solution, the approximate FEM solution, and the
total strain energy, respectively.
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Figure 24. Analysis conditions of closed-die connecting rod forging simulation.

Figure 25. Deformed shape at the <nal stage of the closed-die connecting rod forging simulation.

As can be seen in Table I, for uniformly sized mesh systems, the percentages of total
error energy and global relative error energy decrease and the loads increase with increasing
number of elements. For re<ned mesh systems, the percentages of both error energies are less
than that for the uniformly sized mesh system with 1088 elements and the loads are much
closer to that of the mesh system with 4056 elements compared to those for the cases with
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Figure 26. Analysis conditions of indentation simulation.

574, 1088 and 2179 elements. This shows that locally re<ned mesh systems are more e@cient
in terms of computational e?ort compared to uniformly sized mesh systems.

5. CONCLUSIONS

In the present investigation, a hexahedral mesh generator based on the master grid approach
and octree-based re<nement scheme was developed for remeshing in three-dimensional metal
forming simulations. Several metal forming analyses were carried out using the developed
hexahedral mesh generators and from this, the following conclusions can be made:

1. By integrating the master grid approach and octree-based re<nement scheme, both uni-
formly sized and locally re<ned hexahedral mesh systems can be successfully generated
using the developed hexahedral mesh generator.

2. From the benchmark, closed-die spur gear, and connecting rod forging analyses, it was
found that the developed hexahedral mesh generator can be successfully used for remesh-
ing in three-dimensional analyses of practical metal forming processes.
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Figure 27. Uniformly sized and locally re<ned mesh systems in indentation analyses.
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Table I. Summary of indentation analysis results.

Uniformly sized mesh Re<ned mesh

Mesh system Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

No. of elements 574 1088 2179 4056 1023 1099
Total error energy (%) 94 79 64 52 74 75
Global relative error energy (%) 70 59 48 39 54 55
Load at 18:3 mm stroke 1432 1438 1503 1550 1545 1524
CPU time(CrayT3E;s) 678 2563 11739 41999 2667 2890

3. For the case of indentation analysis examined, it was found that locally re<ned mesh
system was more e@cient while maintaining the accuracy of forming load compared to
uniformly sized mesh system.
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