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Abstract. In mold flow analysis, a mold base is usually modeled as a rectangular
box to simplify the mold structure. However, in order to improve the accuracy of the
analysis, the real, non-simplified model base must be considered in some
applications. There are usually a large number of holes in an injection mold, and
most of them pass through multiple plates. To convert the CAD models of an injection
mold into solid meshes, some of the holes in the mold set need to be simplified. The
purpose of this study is to recognize and simplify unnecessary holes in an injection
mold for mold flow analyses. It is primarily divided into four steps: (1) hole
recognition on each CAD model, including single and ladder holes, (2) recognition of
related holes passing across different CAD models, (3) detection of holes that should
be preserved, and (4) simplification of unnecessary holes. Three injection molds were
used to demonstrate the feasibility of the proposed method.
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1 INTRODUCTION

In mold flow analysis, it is necessary to convert the computer-aided design (CAD) models of an
injection mold into solid meshes during the analysis. The main components of an injection mold that
need to be modeled are the core, cavity, runner system, cooling channels, and the mold base.
Traditionally, a mold base is modeled as a rectangular box to simplify the mold structure. However,
in some applications, it is necessary to consider the non-simplified, original plates of the mold base
in order to increase the accuracy of the mold flow analysis. As more components of the mold are
involved and meshed, the total number of mesh nodes increases. Therefore, mesh reduction
becomes an important issue to study.

Typical mold plates on a mold base are clamping plates, cavity plates, stripper plates, core plates,
support plates, spacer blocks, locating plates, and ejector clamping plates. Holes are a common
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feature in these components. If all holes are preserved and meshed, then, because the mesh size
near holes should be smaller, a tremendous amount of nodes would be generated. On the contrary,
if most holes on mold plates are simplified, then the total amount of nodes can be substantially
reduced. It can be noted that the simplification of holes on most mold plates would not affect the
results of the analysis because they are assembled with counterparts during the injection process.

On the other hand, holes that need to be preserved in mold flow analyses sometimes go across
different CAD models. For example, a cooling channel is usually composed of a series of holes passing
through different mold plates, including both the core and cavity plates. Similarly, a runner system
usually starts from the top plate, passes through a stripper or support plate, and finally reaches the
core and cavity plates. Although hole recognition modules are available in some CAD systems, most
of them focus on individual CAD models only; when a set of CAD models representing an injection
mold are considered, each of them must be processed, one by one. To facilitate the automation of
the CAD pre-processing process in mold flow analysis, it is necessary to detect and record all related
holes across different CAD models, rather than within each CAD model only.

In feature recognition, most investigations employ the topological relationship of adjacent
entities for the recognition of features. A method has been proposed, in accordance with the
topological relationship of the boundary representation (B-rep) model, to solve the problem that the
boundary of the holes is not filleted when using the attributed adjacency graph (AAG) method [8].
This proposed method utilizes the property that a hole, in the B-rep model for hole recognition, is
always accompanied with an inner loop. However, the types of holes that can be recognized are
limited. Song et al. [14] presented a method for the recognition and suppression of different kinds
of holes on a mold base. An approach based on the loop data of the B-rep model was developed to
search for holes on each CAD model. Holes that are connected in series on the same CAD model
were also detected and recorded. Finally, a hole suppression algorithm was proposed to eliminate
each set of connected holes. When a hole is filleted on its boundary, it may be necessary to recognize
the fillet first, and then perform the recognition of the hole in terms of the fillet information. Several
fillet recognition algorithms are available in literature [4], [7], [9], [17].

When a feature is located on multiple planes or surfaces, the feature recognition flowchart is
more complex, as more topological relationships and information must be considered and evaluated.
An algorithm that projects surfaces onto the projected plane, and then combines the volume
decomposition method for the feature recognition, has been proposed [15]. This method was
primarily used for the efficient planning of NC tool cutting paths. Surface features were recognized
on an STL model by an alternative algorithm, which evaluates the curvature of triangular meshes
[16]. To recognize and classify convex features in terms of the parameters of B-spline surfaces a
different algorithm has been proposed and applied for sheet metal parts [19]. You et al. [18] isolated
the surface features by eliminating all filleted features from the CAD model, and then established an
algorithm in terms of the AAG graph for the recognition of the remaining surfaces. A method for the
recognition of aircraft structural parts was developed in terms of the holistic AAG algorithm [10].
Several algorithms were presented to modify the operating parameters and to slice and filter the
surfaces.

The feature data extracted from various feature recognition methods are generally not sufficient
for solid mesh generation because they are primarily used to describe the feature shape. For the
feature data to be useful for mesh generation, they must be designed and extracted in accordance
with the needs of different meshing methods. Several approaches are available in the literature to
decompose, extract, or simplify solid models to obtain data for automatic mesh generation. Chong
et al. [3] focused on idealizing finite element models and proposed some operations to allow the user
to reduce the dimensionality of geometric models automatically by using a decomposition and
reduction method. Boussuge et al. [1] proposed an idealization approach based on generative shape
processes to decompose solids. Instead of using an existing construction tree in CAD software, they
provided a graph containing all non-trivial construction trees using generative processes, which is
more useful to evaluate variations of idealization. Makem et al. [11] employed shape metrics
generated using local sizing measures to identify long, slender regions within a thick body, and then
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proposed a procedure to partition the thick region into a non-manifold assembly of long, slender,
and complex sub-regions. Both structured anisotropic and unstructured meshes can then be
employed in different regions to obtain an efficient distribution of meshes. Juttler et al. [5] presented
a technique for segmenting a solid model with an edge graph of only convex edges into a collection
of topological hexahedra. An edge graph, defined by the sharp edges between the boundary surfaces
of the solid, was employed to repeatedly decompose the solid into smaller solids until all of them
belong to a certain class of predefined base solids. Each of the solids can then be meshed by
hexahedral meshes.

The purpose of this study is to recognize all holes in an injection mold composed of a set of CAD
models, and arrange the related holes that pass between different CAD models. A hole recognition
algorithm has already been presented [14], which identifies single and ladder holes in a CAD model,
where a ladder hole represents a set of holes that connect to each other in series. In this study, we
focus on the recognition of a series of holes passing across different CAD models and arrange them
in sequence. Holes that are used in mold flow analyses, such as core, cavity, runner system, and
cooling channels, are identified and preserved, whereas the others in the mold base are automatically
simplified.

2 OVERVIEW OF PROPOSED HOLE RECOGNITION AND SIMPLIFICATION METHOD

To aid the analysis, holes can be classified into several types. A single hole exists alone, such as the
cases in Figures 1(a) and (b). Several holes that connect to each other can form different hole
structures. If all holes connect to each other in series, it is called a ladder hole, such as the cases in
Figures 1(c) and (d), which contain two and three holes connected in series, respectively. If the hole
breaks through the surface of the part it is called a “through hole”, otherwise it is called a “blind
hole”. Holes in a ladder hole generally can be simplified simultaneously. If several holes inside a
larger hole are arranged in parallel, such as the case in Figure 1(e), then it is called a parallel hole
structure. Hole simplification in this structure should be considered case by case. Related holes may
be across different mold parts, such as the case in Figure 1(f), each of which could be either a single
hole or a ladder hole on CAD models.

(a) ()

(d) (e) (£)

Figure 1: Classification of hole features for feature recognition and simplification, (a) single-through
hole, (b) single-blind hole, (c) ladder-through hole, (d) ladder-blind hole, and (e) parallel hole
structure, and (f) related holes across different components.
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A hole is essentially composed of three types of faces, namely base, side, and bottom faces. A base
face is a face where a hole resides; the hole can form an inner loop on the base face. A bottom face
is at the bottom of a hole. The side face is a face that connects to both base and bottom faces
simultaneously. The angle between the side and base faces is always convex. A blind hole has only
one loop and the angle between the side and bottom faces is concave. The base and bottom faces
of a blind hole can easily be distinguished. A through hole have two loops and the angles of the faces
on both loops are convex. As both angles are convex, the face that is adjacent to the input loop is
regarded as the base face, while the face that is adjacent to the second loop is regarded as the
bottom face. A fillet may exist between the base and side faces, or the side and bottom faces. The
topological data between a fillet and its neighboring faces can be obtained from the database of
fillets.

The proposed hole recognition and simplification method uses a set of B-rep models for input,
representing the entire set of an injection mold. Although the B-rep models are assembled properly
when they are input to the CAD system, they are arbitrarily recorded in the data structure. The
output of the proposed method is to recognize and correlate each set of related holes across different
CAD models. Those that will be used in the mold flow analysis are preserved, while the others are
automatically simplified. The proposed hole recognition and simplification method is divided into four
main phases: (1) hole recognition on each CAD model, including single and ladder holes, (2)
recognition of related holes across different CAD models, (3) detection of holes that should be
preserved, and (4) simplification of unnecessary holes. A detailed description for each of these steps
is given below.

3 HOLE RECOGNITION ON EACH CAD MODEL

Before hole recognition, edge and face AAG databases must be computed, which primarily record
the geometric and topological data of each edge and face on the CAD models. In particular, the
composition of edges on each loop, where a loop can reside either on a single surface or across faces
that are G9, G!, or G2 continuous, is recorded as loop data. In addition, fillet data is recorded for the
corresponding blend and neighboring faces for each fillet. A detailed description of edge and face
AAG databases is given in [6].

Holes on each CAD model include single and ladder holes. The composition of the faces for each
hole is evaluated first, and then holes that connect to each other in series are evaluated and formed
as ladder holes. The procedure for this algorithm is shown in Figure 2, in which three types of holes,
with different end faces and hole structures, are illustrated. The inputs are the loop and fillet data
on each CAD model and the outputs are the composition of the faces for each hole and the topological
data of the ladder holes. Figure 2(a) depicts the input loop data. This algorithm can be divided into
four steps.

First, the facial composition is determined for each hole. The hole search is performed loop by
loop. For each loop, the base face that it resides on is found. If all edges on this loop are convex,
then a hole exists and all the neighboring faces are recorded. If the neighboring face is not a fillet,
then it is considered as a side face. In contrast, if it is a fillet, then the neighboring face of this fillet
is considered as a side face. Once all side faces are obtained, their neighboring faces can be found.
Similarly, if the neighboring face is not a fillet, then it is regarded as a bottom face. In contrast, if it
is a fillet, then the neighboring face of this fillet is regarded as a bottom face. Figure 2(b) shows that
four holes corresponding to the case in Figure 2(a) are detected, where all side and bottom faces
are colored in yellow.

Second, each hole is evaluated as either through or blind. Once all holes are obtained, each hole
is checked, one by one, to attribute it as either blind or through. If all edges between the side and
bottom faces are concave, then it is a blind hole. If all edges between the side and bottom faces are
convex, then it is a through hole. It should be noted that a through hole is counted twice, as the
loops on both of its end faces are checked individually. Therefore, repeated holes should be detected
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and removed. Figure 2(c) shows that two blind holes and two through holes are detected, where the
blind and through holes are colored in red and pink, respectively.

Third, related holes on each CAD model are detected. The relationship between two neighboring
holes is obtained by recording the indices of faces that are shared bilaterally. Several holes that
connect to each other in series can be regarded as a ladder hole. The cross section of a ladder hole
is similar to that of a ladder, which is why it is termed a ladder hole. A ladder hole is composed of a
series of holes connected in sequence, with each of the holes called a layer; the first hole is the first
layer, the second hole is the second layer, etc. For a hole to be the first layer, the following four
conditions should be checked:

(1) Is it a blind hole?

(2) Does its bottom face connect to another hole?

(3) Does its base face not connect to any hole?

(4) Does its base face connect to another hole, which itself connects to multiple holes on the

bottom face?
If conditions (1), (2), and (3), or (1), (2), and (4) are satisfied simultaneously, then this hole is
regarded as the first layer of a ladder hole. Once the first layer is obtained, the second layer can be
obtained by searching for the holes connected to the bottom face of the first layer. Such a search is
repeated continuously until the final layer is obtained. The limitation of the proposed approach is
that a hole must have at least one loop. If a hole intersects with other features and no loop is formed,
then such a hole cannot be recognized.

(@) (b)

Se (JS) o ?Q

(0 (@)

Figure 2: Hole recognition procedures: (a) input loop data (each color denotes a loop), (b) search
face composition (yellow) of each hole, (c) compute type and associated properties of each hole
(pink: through hole, red: blind hole), and (d) detect related holes (blue: ladder hole, green: parallel
hole structure).

Table 1 lists the recorded hole data. The indices H4 - H5 denote the composition of the faces of a
hole, and H8 - H12 denote the ladder hole data of a hole, where H8 denotes the index of the ladder
hole, H9 denotes the layer of this hole in the ladder hole, H10 denotes the hole connected to the
base face of this hole, H11 denotes the hole that connects to the bottom face of this hole, and H12
denotes other holes in the same ladder hole.
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Code Attribute Remark

H1 |Hole index Index of this hole

H2  |Shape Circular or non-circular shape

H3 |Loops Base and bottom loops

H4  Base face index Indices of base faces

H5  |Side face index Indices of side faces

H6  [Bottom face index Indices of bottom faces

H7 |Hole type Through or blind hole

s Ladder hole index Index of the ladder hole, 0: does not belong to a

ladder hole

0o | Ladder hole Layer [Layer of this hole on the ladder hole

HI10 Base face related Hole connected to the base face of this hole
Hil | Bottom face related  [Hole connected to the bottom face of this hole
HI12 Members Other members on the same ladder hole

Table 1: Attributes of a hole.

4 RECOGNITION OF RELATED HOLES ACROSS DIFFERENT CAD MODELS

When several CAD models representing different mold plates are input to a CAD system, no
topological relationship exists between these CAD models. To detect related holes across different
CAD models, it is necessary to establish the relationships between CAD models that are in contact.
As Figure 3 depicts, the proposed algorithm is divided into four steps. First, the mold plates are
sorted by using the parting direction: the order of the mold plates in the CAD system is determined.
Second, the relationships among the plates are generated (Figure 3(a)). All CAD models that are in
contact with each other are detected by checking the intersection of their bounding boxes. Third,
the contact faces are searched for (Figure 3(b)): the contact faces of two adjacent CAD models can
be used to evaluate the holes passing across different CAD models. Finally, the relationship between
the holes passing across different plates is generated (Figure 3(c)). For holes passing across different
CAD models, each of the holes can generate a loop on the corresponding contact face. By checking
the loops on a pair of contact faces from each of the two adjacent CAD models, the holes passing
across different CAD models can be detected. A detailed description for each of the proposed steps
in the recognition algorithm is given below.

Contact faces 1
Related (:

Related (: Contact faces 2

(@

(c)

Figure 3: Procedures of detecting related holes across different parts: (a) generate the relationship
between parts, (b) search the contact faces, and (c) generate the relationship of holes across
different parts.
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4.1 Sort the Mold Plate by Using the Parting Direction

When the mold plate CAD models are input to a CAD system, no order exists among these CAD
models in the data structure. However, they should be sequentially arranged for subsequent steps.
This is done by calculating the order of each mold plate by using the parting direction. The parting
direction is a parameter determined by the user, with the default being the positive z direction.

4.2 Generate the Relationship among Plates

A simple and computationally efficient method, which employs the bounding boxes of all CAD
models, was developed to evaluate adjacent CAD models. Figure 4(a) depicts the concept of checking
the intersection of two CAD models by using their bounding boxes. The bounding box of a CAD model
is represented by two marginal points, Pmin = (Xmin, Ymin, Zmin)T and Pmax = (Xmax, Ymax, Zmax)". An
algorithm that compares the x, y, and z coordinates of two sets of marginal points was developed
to check the intersection of two bounding boxes. If two CAD models intersect, then the region of
intersection can be represented as a range box, as shown in Figure 4(a), which is essentially another
bounding box. In contrast, if two CAD models do not intersect, then no range box is found. If two
CAD models are in contact at a plane, then the range box is reduced to a plane, as shown in Figure
4(b), where the minimum and maximum coordinate values along the x, y, or z axis are equal.

In the proposed procedure, the bounding boxes of all CAD models are checked pair by pair. A
range box is obtained when two CAD models are in contact with each other. Each range box is
represented by two marginal points. The CAD models corresponding to each range box are recorded
too.

Parts Generation of Intersection Range
bounding boxes check box

(a)

(b)

Figure 4: Determine the range box of two intersected CAD models, (a) the concept of evaluating
the range box of two CAD modes, and (b) the range box is reduced to a plane when two CAD models
contact at a plane.

4.3 Search for Contact Faces

The range box of two adjacent CAD models is then employed to search for contact faces. First, a set
of candidate contact faces from each CAD model is evaluated. The bounding box of each face on a
CAD model is compared with the range box. If they intersect, then the corresponding face is inside
the range box. Two sets of candidate contact faces will be obtained, one from each CAD model.
Second, the faces on both sets of candidate contact faces are compared one by one to find the
contact faces. Figure 5 depicts the contact conditions of two faces at the contact region. The
computational procedure depends on the type of candidate contact faces.
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(1) Both candidate contact faces are planes: The surface normal of these two planes is compared.
If they are parallel to each other and point in opposite directions, then the intersection of
these two planes is checked. If they intersect, then these two candidate planes are regarded
as a pair of contact faces. Otherwise, they are not regarded as a pair of contact faces. When
they belong to a pair of contact faces, a closed intersection profile is computed and the
contact condition is judged in accordance with this profile. Figures 5(a) -(c) belong to this
type of plane-to-plane contact. Both contact planes are completely in contact in Figures 5(a)
and (b), but with equal and unequal size on the contact planes, respectively. In Figure 5(c),
both contact planes are partially in contact.

(2) Both candidate contact faces are surfaces: As the surface normal of both surfaces are not
constant, an intersection check of these two surfaces must be implemented. If they intersect,
then these two surfaces are considered a pair of contact faces (see Figure 5(d)). Otherwise,
they are not regarded as a pair of contact faces. It should be noted that the intersection
check of two surfaces is in general, a time consuming operation.

(3) One is a plane and the other is a surface: As a plane and a surface are not in contact with
each other, this pair of faces is not regarded as a pair of contact faces.

In the proposed procedure, the faces on both sets of candidate faces are checked pair by pair. When
a pair of contact faces is obtained, they are put into a stack. The CAD models corresponding to each
pair of contact faces are recorded too.

(@) (b)

(c) (d)

Figure 5: The contact conditions of two CAD models, (a) two equal faces completely contact, (b)
two unequal faces completely contact, (c) two faces partially contact, and (d) the contact faces are
surfaces.

4.4 Generate the Relationship between Holes across Different Plates

At this stage, holes on each CAD model have already been recognized and the ladder holes have
been grouped. The main issue here is to generate the relationship between holes on each pair of
contact faces. All groups of holes passing across different CAD models can thus be integrated and
arranged in sequence. The proposed process is divided into two main steps. First, the holes on the
contact faces are located. Each contact face is essentially a base face or bottom face of a hole.
Therefore, the holes that are located on each contact face can be obtained by searching the hole
dataset. After the first step, the two sets of holes corresponding to a pair of contact faces are
obtained. Each set of holes is located on one of the contact faces. Second, coaxial holes are searched
for across different CAD models and grouped together. For the two sets of holes corresponding to
the same pair of contact faces, coaxial holes are regarded as a group. Each of the holes on one
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contact face is compared with those on the other contact face. If two holes are coaxial, then the
following three conditions are checked:

(1) Two holes are not recorded in any group: these two holes are put into a new group.

(2) One of the holes is already recorded in a group: when a hole has been recorded in a group,
the other hole is placed into the same group.

(3) Both holes are already recorded in different groups: these two groups are combined into one
group.

The above process is implemented for all pairs of contact faces. The example shown in Figure
6(a), where two pairs of contact faces are located on three parts (P1~P3), is employed to illustrate
how a group of coaxial holes from different CAD models are sequentially integrated. The procedure
for integrating all the holes for this example was as follows:

(1) From the first pair of contact faces, two sets of holes were obtained (Figure 6(b)). One set
of holes was obtained from the contact face located on Part 1 (red) and the other set was
obtained from the contact face located on Part 2 (blue).

(2) The coaxial holes were determined from the two sets of holes. Two new groups resulted from
this step (Figure 6(c)).

(3) The ladder hole data was used to extend the groups (Figure 6(d)).

(4) From the second pair of contact faces, two sets of holes were obtained (Figure 6(e)). It
should be noted that the holes located on Part 2 are already recorded in the groups.

(5) The holes located on Part 3 were added into group 1 and group 2, respectively.

In the proposed procedure, each hole is checked one by one. If it is not located on any contact face,
then this process does not need to be implemented. However, if it is located on a contact face, then
all pairs of contact faces with holes with the same coaxial axis are evaluated. Then, the above
procedure is implemented to group all the coaxial holes from the different CAD models. Whenever a
hole is checked or used, it is marked. Such a process is implemented continuously until all holes
have been marked.

Part 1
-1 _ — -1 Jcontact faces 1

Part 2

contact faces 2
Part 3

A set of hole from part 1 (a)
Group 1 Group 2 Group 1 Group 2

L

)is_elrf hole from p:

(b) (© (d)

Group 1 Group 2
gto Grolp 1

ladder hole

roup 2

Figure 6: The procedure for integrating the holes across different plates.

Computer-Aided Design & Applications, 17(1), 2020, 88-107
© 2020 CAD Solutions, LLC, http://www.cad-journal.net



http://www.cad-journal.net/

97

5 DETECTION OF HOLES THAT SHOULD BE PRESERVED

In mold flow analyses, holes on the core, cavity, runner system, and cooling channels should be
preserved, as they are included in the mesh model. Holes on the core, cavity, and runner system
can easily be preserved as they belong to part of the product. However, cooling channels are
embedded inside the mold, and cannot be recognized by using the above-mentioned hole recognition
method. To solve this problem, the following geometric properties of cooling channels should be
considered. Firstly, a cooling channel has a circular cross section, and is exposed to the part surface
at its entry and exit, as shown in Figure 7(a). Secondly, a cooling channel can either be a straight
tube passing through a mold plate, or the intersection of multiple tubes passing through one or
several mold plates, as shown in Figure 7(b). If it is a straight tube, then the tube can be recognized
by using the above-mentioned hole recognition method. However, if it contains multiple tubes that
intersect each other, only the tubes exposed to the part surface can be recognized, whereas the
others embedded inside the mold cannot be recognized, as shown in Figure 7(c). The recognition of
cooling channels is divided into three steps: (1) computing the intersected tubes, (2) computing the
side faces of the mold, and (3) searching for cooling channels.

(a)

& &I f‘

(b) (c)

Figure 7: Geometric properties of cooling channels on a mold, (a) entries and exits are located on
side faces of the mold, (b) contain multiple tubes intersected each other, and (c) not all tubes are
exposed to the part surface.

5.1 Computing Intersected Tubes

The cylindrical face of a tube can either be composed of one or two faces, as shown in Figure 8(a).
Therefore, cylindrical faces of the same tube should be grouped first. For all cylindrical faces, three
rules are tested: (1) two cylindrical faces must be adjacent to each other through their linear edges,
(2) for both cylindrical faces, each surface normal must be the inverse of its radial direction, and (3)
the cross sectional edges of two cylindrical faces must be able to form a closed circle. If all three
rules are satisfied, then these two cylindrical faces belong to the same tube, and hence are grouped.
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Figure 8(b) shows the result of grouping cylindrical faces for the cooling channels presented in Figure
7(b).

The procedure to compute the intersected tubes can then be performed. Starting from a
recognized through hole, its bottom face is checked if it belongs to a group of cylindrical faces. If it
does not, then this hole is skipped and the next through hole is selected. If it does, then the
neighboring group of cylindrical faces is searched for, starting from this group of cylindrical faces.
This search is continued until no more neighboring groups of cylindrical faces are found. Figure 8(c)
depicts the result of this process. All neighboring cylindrical faces obtained in this step are recorded
as a set of intersected tubes.

\1umple face

Single face

F JFF T
o TaTs
- F

Figure 8: Computing intersected tubes, (a) two k|nds of the face composition of a tube, (b) result
of grouping cylindrical faces, and (c) the procedure to compute the intersected tubes.

5.2 Computing Side Faces of the Mold

The side faces of a mold are evaluated by using the contact faces obtained previously. For each
contact face, its outer loop is employed to search for adjacent faces, as shown in Figure 9(a). The
surface normal is checked to see if each adjacent face is the same as that of the bounding plane. If
it is the same, then this adjacent face is a side face. Figure 9(b) shows one of the mold parts, where
the red color denotes the contact faces and the orange color denotes the adjacent faces. Figure 9(c)
denotes the final side faces obtained for the mold.

5.3 Searching for Cooling Channels

As the entries and exits of a cooling channel are located on the side faces of a mold, any entry or
exit hole can be found and regarded as a seed hole to search for the entire cooling channel. While
not all holes on the side faces belong to cooling channels, entry or exit holes can be distinguished by
their property of being both a through hole and an intersected hole. In this step, the base faces of
all holes are checked. If the base face of a hole is located on the side face of the mold, then it
indicates that this hole is the entry or exit of the cooling channel. Then, the entire cooling channel
can be obtained simply by searching for the neighboring faces, one by one.
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Figure 9: Computing side faces of the mold, (a) contact faces between different mold plates, (b)
contact faces and side faces of one of the mold part, (c) final side faces obtained for the mold.

Figure 10 is employed to illustrate the procedures of searching for cooling channels across different
plates. In Figure 10(a), Partl denotes a mold plate where the entry and exit of a cooling channel
locates, and Part2 denotes a core or cavity plate where the cooling channel passes through. Figure
10(b) shows the transition of Partl and Part2, where two through holes Hi and H2 are located on
Partl and one intersected tube T is located on Part2. When the relationships of holes across different
plates are generated, Hi1 and Tc will be recorded as a group first. Then, the hole H2, which is adjacent
to the other side of T, is searched and grouped. Finally, Hi, H2 and T are grouped together. This
group has two loops on the side face of the mold base, so all holes in this group are recorded as a
cooling channel. When all holes on the side faces of all mold plates are checked, all cooling channels
can thus be obtained.

Part?2 @ (b)

Figure 10: The cooling channels across different plates.
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6 HOLE SI MPLIFICATION

Most holes in the CAD models of an injection mold can be simplified in mold flow analyses, except
in two situations. When a hole (both circular and non-circular types) is too large it is considered as
part of the designed shape and should be preserved. A maximum hole perimeter is assigned in the
proposed hole simplification algorithm to filter out such holes. Additionally, holes on the core, cavity,
runner system, and cooling channels must be preserved in the analysis. These parts can be excluded
manually while the hole simplification is implemented.

Hole simplification in a B-rep model involves essentially changing the faces and associated
entities related to the hole to remove the hole itself. As a hole is essentially composed of three kinds
of faces, the base, side, and bottom faces, when a hole is removed, some of its faces are removed
from the data structure, whereas the others are modified. Take the mold plate shown in Figure 11(a)
as an example, which includes three kinds of holes: runner, through and ladder-through holes. The
runner hole is preserved. For a through hole, as shown in Figure 11(b), the base faces on both sides
are modified by removing their inner loops, whereas the side face is removed. For a ladder-through
hole, as shown in Figure 11(c), the base and bottom faces of the first and last layers, respectively,
are modified, whereas all other faces are removed. For the through hole and the ladder-through
hole, the associated loops, edges, trims, and vertices in the B-rep data are either deleted or modified
too. The sample model after the hole simplification was performed is shown in Figure 11(d).

Holes are divided into two types, single or ladder, and then further be subdivided into either blind
or through. The faces that should be modified or removed for each type are (see Figure 12):

(1) For single-through holes (Figure 12(a)), the base and bottom faces are modified, while the
side face is removed.

(2) For single-blind holes (Figure 12(b)), the base face is modified, while the side and bottom
faces are removed.

(3) For ladder-through holes (Figure 12(c)), the base and bottom faces of the first and last layers,
respectively, are modified, while all other faces are removed.

(4) For ladder-blind holes (Figure 12(d)), the base face of the first layer is modified, while all
other faces are removed.

The operations required for the modification and removal of each face are similar to the case
shown in Figure 11. That is, when a face is modified, its inner loop and associated entities are deleted
from the B-rep data. In addition, when a face is removed, the face and associated entities are deleted
from the B-rep data. For cases (1) and (2), each of the single holes is individually simplified.
However, for cases (3) and (4), all holes of a ladder hole can be removed either completely or
partially. For partial removal, the lower layers of holes should be removed while the upper layers of
holes are preserved. Such an operation can be done manually.

For the parallel hole structure, as shown Figure 1(e), it is possible to select one hole in the hole
structure, and then use the common faces on both sides to find its neighboring holes, sequentially.
Once all related holes are found, all faces that should be removed or modified can be determined
based on the type of faces on the base and bottom; the judgment is similar to the one used for
ladder holes.

Once the faces to be removed and modified are determined, the removal of the faces is
performed first. The topological and geometric data structure in the B-rep model should also be
modified simultaneously. That is, when a face is removed, all loops, edges, trims, and vertices
related to this face should be removed at the same time. When some edges and vertices are shared
by other faces that are not removed, these edges and vertices should be kept. For example, if an
edge is adjacent to both base and side faces, where the former is to be modified while the latter is
to be removed, then this edge and associated vertices should be kept when the side faces and their
associated entities are removed. The face modifying operation should be implemented after the
removal of the faces and their associated entities.
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Figure 11: Example of hole simplification: (a) a mold plate before hole simplification, (b) faces to

manipulate for a through hole, (c) faces to manipulate for a ladder-through hole, and (d) the mold
plate after hole simplification.
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Figure 12: The simplification data for each type of hole: (a) single-blind hole, (b) single-through
hole, (c) ladder-blind hole, and (b) ladder-through hole.

7 RESULTS AND DISCUSSION

We tested the feasibility of the proposed algorithms with a program written in C++ and based on
the Rhino CAD platform [13] and the openNURBS functions [12]. The proposed algorithm is only
compatible with CAD models with manifold topology and geometry. A maximum hole perimeter dmax
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should be assigned to limit the maximum perimeter of a hole that can be simplified. If the perimeter
of a hole (circular or non-circular type) is larger than dmax, then it is usually a pocket to be assembled
with other mold parts, and hence should be preserved. The default value of 300 mm for dmax was
used in this study.

Figure 13: Three injection molds used in this study, (a) the original CAD models, (b) hole
recognition, and (c) hole simplification.

Figure 13 illustrates the hole recognition and simplification results for three injection molds, where
Figures 13(a), (b), and (c) denote the original CAD models, hole recognition, and hole simplification,
respectively. Each example contains all CAD models of a mold set, including many different kinds of
mold plates, both core and cavity. Most of the holes are exposed to part surfaces, except for the
cooling channels, which are embedded inside the mold plates. The holes recognized on the mold
plates are classified as the runner, cooling channels, single-blind, single-through, ladder-blind, or
ladder-through. The runner and cooling channels are in green and water blue, respectively, while
each type of the other holes are also in different colors, as shown in Figure 13(b). Only the sprue
and cooling channels were preserved, while all other holes on the mold plates were removed, as
shown in Figure 13(c).
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8 Single blind hole Ladder blind hole ® Complex hole structure
Single through hole ® I adder through hole

Figure 14: Immediate results of hole recognition for Case 2, (a) holes are initially divided into
through and blind types, (b) ladder holes and parallel hole structure are recognized, (c) co-axial
holes across different CAD models are detected, and (d) the runner and cooling channels are
detected.

Figure 14 illustrates the results of the hole recognition performed for Case 2 in Figure 13. All holes
were individually recognized by using the loop data first. Through and blind holes can be separated
in this step, as shown in Figure 14(a), where pink and red represent through and blind holes,
respectively. Next, all adjacent holes on the same CAD model were grouped and formed into different
hole structures, including ladder and parallel hole structures, as shown in blue and green,
respectively, in Figure 14(b). It should be noted that single-through and single-blind holes are still
shown in pink and red, respectively. Coaxial holes across different CAD models were then searched
and grouped, as shown in purple (see Figure 14(d)). The other types of holes, namely ladder and
parallel hole structures, single-through holes, and single-blind holes are still shown in their
respective colors. Finally, holes on the side faces of the mold were used to search for cooling channels,
and the hole on the first mold plate is used to evaluate the runner, which are shown in water blue
and orange, respectively, in Figure 14(d). In total, there are seven types of holes, namely the runner,
cooling channels, ladder holes passing across different CAD models, ladder holes contained within a
CAD model, parallel hole structures, and single-through single-blind holes. Each type of hole is
individually stored in a data structure.
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Part 1 Part 3

Part 6 Part 7 Part 8
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Figure 15: Hole simplification results for the first mold base: (a) assembly of all mold components
and (b) each mold component.

Figure 15 illustrates the result of the hole simplification on the mold plates from Case 2 from Figure
13, where Figure 15(a) shows the assembly of the mold set while Figure 15(b) shows each mold
plate. It should be noted that only holes related to the runner and cooling channels were preserved,
while the other holes were deleted. The green holes on Parts 1 and 2 belong to the runner. The
central hole on Part 1 was evaluated first. All holes related to this hole and passing across different
mold pates were then found and regarded as the runner. In addition, the cooling channels pass
through both Part 1 and the core plate. This indicates that when searching for the cooling channels,
holes that cross different CAD models should be detected also. For the other five types of holes,
namely ladder holes passing across different CAD models, ladder holes contained within a CAD model,
parallel hole structures, and single-through and single-blind holes, each of them can be deleted in
accordance with its own structure, as mentioned previously.

Tables 2 to 4 show the results of the proposed method for Cases 1 to 3, respectively. Each table
lists the number of holes in each mold plate for the different molds. The types listed include single-
blind, single-through, ladder-blind, ladder-through, and complex hole structures. The first four types
are as mentioned previously, and the complex hole structure contains parallel hole structures, and
intersected tubes or other miscellaneous structures. It can be seen from these tables that most of
the holes in injection molds belong to the first four types, and only few of them belong to the complex
hole structures, such as runners. Case 1 and Case 2 have some complex hole structures marked
with an "*" on the table. These holes are actually cooling channels. However, the recognition
procedure of the cooling channels is different from other types of holes, so they are marked on the
tables. The CAD models for Case 3 do not contain cooling channels. Only one complex hole structure
exists in this case, which is the runner.
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Recognition results

Case1 [No.Holes| Time (s) Single Ladder Complex Success / Failure

Blind |Through | Blind | Through Structure / Misjudgment
Part 1 9 0.351 0 4 0 4 1 /0/0
Part 2 18 0.493 13 0 0 4 1* 17+1%/0/0
Part 3 34 0.412 1 30 0 1 2% 32+2%/0/0
Part 4 31 0.354 0 27 0 4 0 31/0/0
Part 5 4 0.274 2 2 0 0 0 4/0/0
Part 6 4 0.293 2 2 0 0 0 10/0
Part 7 27 0.197 4 2 0 21 0 27/0/0
Part 8 17 0.115 10 3 0 4 0 17/0/0
Part 9 11 0.308 0 1 0 8 2 11/0/0
Total 155 2.797 32 71 0 46 3+3% 121+3*/0/0

Table 2: Results of Case 1.

Recognition results
Case2 [No. Holes| Time (s) Single Ladder Complex Success / Failure
Blind | Through | Blind | Through Structure / Misjudgment

Part 1 7 0.213 0 0 0 6 1 7/0/0
Part 2 16 0.345 7 1 0 4 4#* 12+4%/0/0
Part 3 19 0.497 1 8 6 4 0 19/0/0
Part 4 3 0.249 0 3 0 0 0 /0/0

Part 5 3 0.278 0 3 0 0 0 3/0/0
Part 6 13 0.168 0 4 0 5 4 13/0/0
Part 7 8 0.149 4 0 0 4 0 /0/0

Part 8 11 0.348 4 1 0 6 0 11/0/0
Total 80 2.247 16 20 6 29 9 76+4*/0/0

Table 3: Results of Case 2.

Recognition results
Case3 [No. Holes| Time (s) Single Ladder Complex Success / Failure
Blind | Through | Blind | Through Structure / Misjudgment
Part 1 5 0.204 0 0 0 4 1 /0/0
Part 2 9 0.243 4 0 0 5 0 /0/0
Part 3 12 0.239 4 4 0 4 0 12/0/0
Part 4 4 0.111 2 2 0 0 0 /0/0
Part 5 4 0.163 2 2 0 0 0 /0/0
Part 6 28 0.229 0 4 0 24 0 28/0/0
Part 7 4 0.142 0 0 0 4 0 /0/0
Part 8 8 0.177 0 4 0 4 0 /0/0
Total 74 1.508 12 16 0 45 1 74/0/0

Table 4: Results of Case 3.
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The CPU time required for Cases 1 to 3 is also shown in Tables 2-4, respectively. Each table lists the
CPU time required on each mold plate and the total time required for all mold plates on a mold. The
results indicate that the maximum CPU time required for the recognition of all holes on a CAD model
is less than 1 sec. The maximum CPU time required to generate the relationship between holes
across different plates is less than 0.3 sec. Also, the total CPU time required for all mold plates on a
mold is less than 3 sec. Therefore, the computational efficiency of the proposed hole recognition
algorithm is quite good. The simulations were performed on a personal computer with an Intel Core
i5-4460 CPU 3.2GHz and 12 GB of RAM.

To further evaluate the advantages of the proposed hole recognition algorithm, the proposed
method was compared with CADdoctor [2]. Two separate modules are provided in CADdoctor for
circular and non-circular holes, respectively; whereas they are recognized simultaneously in the
proposed method. The most significant problem found in CADdoctor is that it is difficult to identify
all circular and non-circular holes perfectly as both modules have their limitation. When both modules
are implemented in sequence, repeated recognition may occur. For the proposed method, however,
such a problem would not be happened as both circular and non-circular holes are clearly defined
and recognized simultaneously in an algorithm. For simplification, there are two ways to simplify
holes in CADdoctor: (1) simplify all holes on, and (2) simplify one hole selected by the user. When
a series of mold plates related to a mold need to be handled, CADdoctor must deal with each mold
plate one by one. But the proposed algorithm can simplify all unnecessary holes on a mold set
automatically. Therefore, the proposed hold simplification algorithm is much more powerful than
CADdoctor.

8 CONCLUSION

The development of hole recognition and simplification algorithms for injection molds was studied,
and the feasibility of the proposed algorithms by using several model sets was verified. An algorithm
for the recognition of all holes on the mold set was proposed. After recognition, it divided all holes
into two groups, either the through hole or the blind hole types. Related holes were divided into
either the ladder hole or parallel hole structure, with the hole type determined for each hole within
all the CAD models. Coaxial holes passing across different CAD models were then evaluated. Finally,
because they should be preserved, holes related to the runner and cooling channels were individually
detected. A hole simplification algorithm was also proposed. Holes that should be deleted were
divided into five types: ladder holes passing across different CAD models, ladder holes contained
within a CAD model, parallel hole structures, single-through holes, and single-blind holes. For each
hole type, the faces that should be deleted or modified, and their associated entities that should be
processed, were analyzed. The operations required for the hole simplification were also addressed.
The proposed method can preserve the runner and cooling channels, while deleting all other holes
in the mold set. The main contribution of the proposed method for the deletion of unnecessary holes
in the mold plates of a mold set is that it is based on feature recognition and feature simplification.
In cases where it is necessary to consider the original, non-simplified mold plates of a mold base
(typically modeled as a rectangular box for simplification) in a mold flow analysis, the total amount
of mesh nodes can be substantially reduced.
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