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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 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. Similarly, a runner system usually starts from the top plate, passes
through a stripper or support plate, and finally reaches the core and cavity. 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 [3]. 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. [7]
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.
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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 [1], [2], [4], [8].

Main Idea:
To aid the analysis, holes can be classified into

several types. A single hole exists alone, such as the
cases in Fig. 1(a) and (b). Several holes that connect
to each other can form different hole structures. If
(b) (c)

all holes connect to each other in series, it is called
a ladder hole, such as the cases in Fig. 1(c) and (d),
which contain two and three holes connected in (a)
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 Fig. 1(e), then it is called
a parallel hole structure. Hole simplification in this
structure should be considered case by case. Related @ © 0
holes may be across different mold parts, such as F_ig.llz %ﬁ;ﬁlﬁiﬁalﬁm(l ())flhc(l)(lie, (?%;mglﬁf-fhhrfm%)hflga(b)

3 ; : : smgie- ole, (C) ladder- oug ole, daqder-
Single hole or-a ladder Hote on CAD models. | bind hole, and (@ parallel hole structre, and ()

. . : related holes across different components.
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. 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.

Hole Recognition on each CAD Model
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 Fig. 2, in which three types of holes, with different
end faces and hole structures, are illustrated. The inputs are the loop and fillet data (see Fig. 2(a)) on
each CAD model and the outputs are the composition of the faces for each hole and the topological data
of the ladder holes. This algorithm can be divided into three 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 face 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. Fig. 2(b) shows that four holes corresponding
to the case in Fig. 2(a) are detected.
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Second, each hole is evaluated as either | i I i
through or blind. Once all holes are obtained, Q1 X! \ e° eQ |
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 Qe o \ Qe 0
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 f A
faces are checked individually. Therefore, Qe °Q - 'Q
repeated holes should be detected and removed.
Fig. 2(c) shows that two blind holes and two e e
through holes are detected.

Third, related holes on each CAD model are Q ) ) e (o) ] 0
detected. The relationship between two
neighboring holes is obtained by recording the ¥ y X
indices of faces that are shared bilaterally. (© @
Several holes that connect to each other in series  Fig. 2: Hole recognition procedures: (a) input loop data (each
can be regarded as a ladder hole. The cross O N R e oromerrice o
section of_a lz_idder ho_le is similar to that of a hole (pmk’: througl?hole, 1-'%d: blind hole), anc{J (dg)detect related
ladder, which is why it is termed a ladder hole. A pojes (blue: ladder hole, green: parallel hole structure).
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.

Recognition of Related Holes across Different CAD Models

When several CAD models representing Contact faces
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. This
study assumes that the mold set is well aligned
such that its three main directions are parallel

Related parts

to x, y and z directions, respectively. In addition, (©)

its parting direction is along the z direction. If Fig. 3: Procedures of detecting related holes across different
the CAD model of a mold does not follow this parts: (a) generate the relationship between parts, (b) search
assumption, a pre-adjustment of its orientation the contact faces, and (c) generate the relationship of holes

is necessary. across different parts.

As Fig. 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
(Fig. 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 (Fig. 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 (Fig. 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.

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
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using the parting direction. The parting direction is a parameter determined by the user, with the default
being the positive z direction.

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. The
bounding box of a CAD model is represented by two marginal points, P, = Xminy Yiminy Zmin)' a0A P = (Xonany
Vmaxs 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 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 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.

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. The contact situation of each pair of candidate contact faces can be divided into
the following two cases: (1) they contact at one edge: it occurs at two adjacent holes or two adjacent
sides faces of different mold plates; (2) they contact at a surface: two candidate contact faces are face-
to-face contact. Second, the faces on both sets of candidate contact faces are compared one by one to
find the contact faces. Among the candidate contact faces in step (1), case (2) is what we need, whereas
case (1) is skipped. In the proposed procedure, the faces on both sets of candidate faces are checked
pair by pair.

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. The above
process is implemented for all pairs of contact faces.

Detection of Holes That Should Be Preserved

In mold flow analyses, holes on the core, cavity, el e il
i nn Sha ¥
runner system, and cooling channels should be \ [l X B B
. . i\ it A0 | ||
preserved, as they are included in the mesh I 1aGal \
model. Holes on the core, cavity, and runner ,,\‘\ ILe B WD |
system can easily be preserved as they belong @ )@ A

|
y

to part of the product. However, cooling
channels are embedded inside the mold, and (@) (b) (©)
cannot be recognized by using the above- Fig. 4: Geometric properties of cooling channels on a mold,
mentioned hole recognition method. To solve  (a) entries and exits are located on side faces of the mold, (b)
this problem, the following geometric contain multiple tubes intersected each other, and (c) not

. . all tubes are exposed to the part surface
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 Fig. 4(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 Fig. 4(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 Fig. 4(c). The recognition of cooling channels is divided into
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three steps: (1) computing the intersected tubes, (2) computing the side faces of the mold, and (3)
searching for cooling channels.

Computing Intersected Tubes: The cylindrical face of a tube can either be composed of one or two
faces. 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. 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. All neighboring cylindrical faces obtained in
this step are recorded as a set of intersected tubes.

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. 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.

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. Once the seed
hole is obtained, the entire cooling channel can be obtained simply by searching for the neighboring
faces, one by one.

Hole Simplification
Hole simplification in a B-
rep model involves

Loop onbase face Loop on 1= layer

essentially changing the [ 2% I "\
faces and  associated e =)
entities related to the hole @¢ '@\ \

to remove the hole itself.
As a hole is essentially @ Loop on bottom face A v
composed of three kinds Loop on last layer @

of faces, the base, side, _ e of hole st ®) ( " (Cl) before hole sumplfication. (&
and bottom faces. when a Fig. 5: Example of hole simplification: (a) amold plate before hole simplification, (b)
hole i d ’ £ faces to manipulate for a through hole, (c) faces to manipulate for a ladder-through
'tOF 1s removed, Soc?}e 0 hole, and (d) the mold plate after hole simplification.

1ts Iaces are removed Irom

the data structure, whereas the others are modified. Take the mold plate shown in Fig. 5(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 Fig 5(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
Fig. 5(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 Fig. 5(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: (1) single-through holes:
the base and bottom faces are modified, while the side face is removed; (2) single-blind holes: the base
face is modified, while the side and bottom faces are removed; (3) ladder-through holes: the base and
bottom faces of the first and last layers, respectively, are modified, while all other faces are removed;
(4) ladder-blind holes: 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 Fig. 5. That is, when a face is modified, its inner loop and associated entities are deleted from the B-
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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.

Results and Discussion

We tested the feasibility of the
proposed algorithms with a program
written in C++ and based on the Rhino
CAD platform [7] and the openNURBS
functions [6]. The proposed algorithm
is only compatible with CAD models
with manifold topology and geometry.
Fig. 6 illustrates the hole recognition
and simplification results for three
injection molds, where Fig. 6(a), (b),
and (c) denote the original CAD Fig. 6: Three mje_ction molds used_m tI_u_s smdy, (a) the original CAD models,

models, hole recognition, and hole (b) hole recognition, and (c) hole simplification.

simplification, respectively. Each example contains all CAD models of a mold set, including many
different kinds of mold plates, 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 Fig. 6(b). Only the sprue and cooling channels
were preserved, while all other holes on the mold plates were removed, as shown in Fig. 6(c).

Conclusions:

The development of hole recognition and simplification algorithms for injection molds was studied, and
the feasibility of the proposed algorithms by using several mold sets was verified. After hole 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. 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. 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 by
using the proposed method.
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