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In this study, we developed a method for automatically
generating computer-aided design (CAD) models of
injection molding dies. The method only required 3D
CAD models of products in the Standard Triangulated
Language (STL) format as the input information. We
also developed a system for automatically generating
numerical control (NC) programs by automating the
system process planning necessary for machining the
injection molding dies. The method generated CAD
models of the injection molding dies by dividing the
STL files of the products into triangular meshes on a
specified split plane. For injection molding dies with
several free curved surfaces, we acquired the tool po-
sitions of a ball end mill (as approximated by a spher-
ical shape) and flat drill (as approximated by a cylin-
drical shape) from the geometrical relationships of the
triangles constituting the CAD model. We generated
a CAD model of an injection molding die using the
proposed method with respect to the CAD model of
a product shape to verify the validity of the developed
system. Then, we machined the product based on the
NC programs and tool position. In addition, we injec-
tion molded a product with a machined die to mold it
into its original product shape.

Keywords: CAM, STL format, injection molding dies,
end milling

1. Introduction

Recently, Japan’s manufacturing industry has faced
challenges regarding its young generation (owing to a de-
clining birthrate) and aging population (from decreases
in employees owing to the retirement of skilled labor-
ers). Nevertheless, consumers are demanding customized
production systems owing to the diversification of their
needs. As a result, the balance between supply and de-
mand has collapsed. Correspondingly, Japan must im-
prove its production efficiency while compensating for
the above-mentioned deficiencies in human resources at
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production sites. Measures for improving production effi-
ciency include production planning and the optimization
of supply chains; in this context, it is extremely effective
to automate the production process planning in factories
for small-lot productions of multiple products.

Numerical control (NC) machine tools for automating
machining have become prevalent worldwide. For ex-
ample, end milling is essential for machining complex-
shaped parts and free curved surfaces and is employed
at many manufacturing sites. As NC programs are es-
sential for conducting automated machining operations
with NC machine tools, software has rapidly developed to
support their NC programming, such as computer-aided
design (CAD)/computer-aided manufacturing (CAM) ap-
proaches.

To date, injection molding approaches have been used
to mass-produce products and dies, particularly in cases
of resin products. Although dies, once fabricated, can
be used to mass-produce products, separate dies must be
fabricated for individual products. This requires individ-
ual setup plans, as well as time and efforts for their ma-
chining preparations. In addition, the use of dies is gen-
erally positioned between the development designs and
start of mass productions; as such, they need to be de-
livered in a short period of time. However, as the dies
constitute the matrixes of the end products, they must be
highly accurate and trial-cut, making it difficult to shorten
their lead times. Especially when developing new prod-
ucts, although CAD models of the end products are gener-
ated during the development process, in many cases, CAD
models of the dies are not. Moreover, as the life cycles of
products are shortened, the intervals for fabricating their
dies have also become significantly shorter. Although the
machining of dies represents a typical small-lot or single-
item production, the production efficiency is required to
match that of mass productions. In the above-mentioned
context, many studies have been conducted on design or
process planning for the machining of dies. For example,
Harada et al. [1], Park and Lee [2], Koresawa et al. [3],
and Murata et al. [4] proposed design methods for molds.
Nee et al. [5] proposed a method for determining the op-
timal parting directions in a plastic injection mold de-
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sign. Guo [6] and Sawa [7] proposed simulation and au-
tomated methods for mold and die grinding, respectively.
Koresawa et al. [8] studied the use of additive manufac-
turing for creating an injection mold. Takizawa et al. [9]
and Hashimoto and Nakamoto [10] proposed methods for
estimating mold machining times and recognizing mold
machining patterns using artificial intelligence and deep
learning, respectively. However, few studies are available
on generating CAD models of dies by using the CAD
models of products as input information or on automat-
ically generating the NC programs for their machining.
Conventionally, the CAD model of the mold has been cre-
ated by using the cavity function in the CAD software to
create a CAD model of the product. Therefore, the CAD
model of the mold cannot be created without the same
CAD software that created the CAD model of the prod-
uct, leading to problems with data compatibility.

Accordingly, in this study, we developed a system for
generating CAD models of injection molding dies using
only CAD models in the Standard Triangulated Language
(STL) format. The STL format expresses 3D shapes us-
ing only triangular meshes of products. This allows users
to overcome data compatibility issues, to automate the
process planning necessary for machining, and to auto-
mate NC programming. Thus, this study proposes a novel
method for creating a mold model using only a CAD
model of a product shape in the STL format. It also
proposes a novel method for performing parallel process-
ing on a graphics processing unit (GPU) based on a ge-
ometric calculation of spheres or cylinders and triangular
meshes, using only CAD models in the STL format com-
posed of complex free-form surfaces. Thus, this study
facilitates the fabrication of dies (which used to be only
cost-effective for mass productions) effective for medium-
volume productions.

2. Transformation from CAD Models of Prod-
uct Shapes in STL Format to CAD Models
of Injection Molding Dies

Recently, the diversity of the 3D CAD model format
has become one of the major problems in realizing auto-
mated systems. Various CAD software packages are used
in the field. Owing to the differences in these data for-
mats, the 3D CAD data designed by an ordering source
are often manually re-created using different CAD soft-
ware at the manufacturing site, albeit with data compat-
ibility. The STL format expresses 3D shapes using only
triangular meshes. The STL format is supported by most
CAD software packages owing to its simplicity of the data
format. Therefore, we focus on the STL format to over-
come data compatibility issues. In this study, we propose
a method for generating CAD models of injection mold-
ing dies by dividing the CAD models of product shapes
in the STL format on an arbitrary plane. Taking the 3D
CAD model of the product shape shown in Fig. 1(a) for
example, we can elaborate on how to generate the CAD
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Extraction of the contour line of
the model divided by the XY plane

Connect line segments that have the
same point at the start point or end point

(a) Contour line obtained by target CAD model and split plane

™

Mesh of upper die

split into triangles
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Mesh of lower die

Split triangle

(b) Triangular mesh divided by XY plane

Fig. 1. Division of 3D CAD model of product.

model of its injection molding die. In this study, the split
plane necessary for generating the die model is given as
the input information. As shown in Fig. 1(a), we identify
the contour lines as acquired by splitting the model on the
specified XY plane. In this study’s target CAD model in
the STL format, the surface of the product shape is com-
posed of triangular meshes. As such, we first extract the
triangular mesh straddling the Z-coordinate on the target’s
XY plane. Next, we divide the extracted triangular mesh
on the target’s XY plane as shown in Fig. 1(b), by which
one triangle and one trapezoid are extracted. By divid-
ing the extracted trapezoid by the straight line connecting
the vertex on the one side of its upper edge to the ver-
tex on the one side of its lower edge, we can newly ex-
tract two triangles. We divide the extracted trapezoid by a
straight line in such a way that the interior angle of each
vertex of the newly extracted triangles ideally becomes as
large as possible. If the Z-coordinate of any one of the
vertexes of the product shape’s triangular mesh is equal
to the Z-coordinate of the split plane, we do not divide
the triangular mesh. The above-mentioned analysis en-
ables us to divide the 3D CAD model of a product shape
into a triangular mesh necessary for the upper die and into
one necessary for the lower die. Then, to generate the die
model, we add a mesh containing the extracted triangular
meshes. For example, in generating the lower die model,
we only extract the triangular mesh present in the lower
part of the split plane and connect it to the rectangular
parallelepiped containing the extracted triangular mesh,
as shown in Fig. 2. As the normal vectors of the triangular
meshes extracted from the CAD model of a product shape
are directed outward with reference to the product shape,
we need to invert them to generate the CAD model of the
die model in the STL format. The above-mentioned pro-
cessing enables us to generate the CAD model of the die
by specifying an arbitrary split plane of the CAD model
of the product shape, as shown in Fig. 3.
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= Product model
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Fig. 2. Generation of mold model with divided triangular mesh.

Fig. 3. Calculation of tool paths for end milling injection
molding dies.

3. Calculation of Tool Paths for End Milling In-
Jjection Molding Dies

Many previous studies have been conducted on process
planning, including those on recognition of a machining
feature from the target product shape [11-14] and that
from a removal volume [15-18]. These studies also pro-
posed methods for calculating the tool path for the contour
machining from the extracted machining feature [19].

As an injection molding die model often contains in-
clined and free curved surfaces on its component sur-
face, it is difficult to extract the machining features from
the CAD model for its process planning and to contour-
machine it as conventionally performed. In this study,
therefore, we conduct scanning from the CAD model of
the product shape in the STL format. Scanning refers to a
method of machining along the surface of a product shape
in either a zigzag or one-way path, as shown in Fig. 4. In
the scanning, the tool paths constitute straight lines to an
arbitrary axis. Thus, we can calculate the tool paths while
only considering the offset in the Z-axial direction along
the product shape.

In the CAD model in the STL format, the surface of
a product shape is expressed by the information of three
vertexes and of the normal vectors of a triangle composed
of the three vertexes. The use of the information on the tri-
angle’s normal vectors enables us to acquire the areas of
the inclined and curved surfaces. Insofar as the Z-values
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Hary point cloud
turved surface

Fig. 5. Tool position on the XY plane in scanning machining.

of the normal vectors of each triangular mesh, as the nor-
mal vector’s Z-value 1 or —1 represents a plane and its
Z-value 0 represents a side, we can extract a mesh whose
Z-value is not —1, 0, or 1 as an inclined or curved sur-
face. Generally, in the injection molding die model, as
the areas other than where material is injected to gener-
ate a product shape (i.e., the contact surface between the
upper and lower dies) are planar, we can leave them as
surface-shaped materials. The areas requiring scanning,
therefore, are simply the inclined and curved surfaces (re-
cessed areas). The boundary between the recessed area
where the material is injected and contact surface is equal
to a contour line acquired by dividing a product shape by
an arbitrary split plane, as described in Section 2.

In the scanning, with respect to the tool position on the
XY plane, we can calculate the tool paths while only con-
sidering the offset in the Z-axial direction from the in-
terference quantity between the product shape and tool.
First, we seek the tool position on the XY plane from the
tool’s radial depth of cut (Rd) and the resolution (Pitch)
in the tool’s moving direction, as shown in Fig. 5.

Next, we seek the offset in the Z-direction for each of
the tool positions determined on the XY plane. This study
describes a geometrical analysis of ball end milling. In
the case of ball end milling, we can set the position where
the ball in the ball part at the end contacts the triangular
mesh as an offset. With respect to all of the triangular
meshes, we geometrically determine the sphere’s center
position that generates the largest Z-value among the po-
sitions where the sphere contacts the plane (Fig. 6(a)),
where the sphere contacts the edge (Fig. 6(b)), and where
the sphere contacts the vertex (Fig. 6(c)).
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(a) Plane (b) Edge (b) Vertex

Fig. 6. Positional relationship between tool and triangular
mesh contacts.

Fig. 7. Geometric relationship between sphere and plane.

Figure 7 shows the positional relationship between the
sphere and plane. In the 3D space, with the unit normal
vector denoted by 7 and the point where Point P is pro-
jected on the plane represented by the Point A that passes
there, by H, the relationships are as follows:

H:P—(ﬁ-ﬁ)ﬁ...........(l)

As the radius of the sphere with its center positioned at
Point P corresponds to the tool’s radius r, a corresponding
calculation can be made as follows:

rz‘ﬁ?‘...............(z)

Furthermore, as the point of contact with the sphere needs
to exist within the target’s triangular mesh, an equation
can be constructed as follows:

B—I'}:SB?—F(l—S)B?‘ I )
0<s<1

Figure 8 shows the positional relationship between the
edge and sphere. In the 3D space, with the point where
the perpendicular line from Point P intersects the line seg-
ment EF denoted by I, the relationship is as follows:

TPEF=0 . . . .. . . ... ... .®

As the radius of the sphere with its center positioned at
Point P corresponds to the tool’s radius r, r can be ex-
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Fig. 8. Geometric positional relationship between spheres
and edges.

pressed as follows:
=P

Furthermore, as the point of contact with the sphere needs
to exist on the line segment EF, corresponding calcula-
tions can be constructed as follows:

Pl =uPE+vPF . . . . . . .. ... .6

O<u<l1
O<vl
ut+v=1

The positional relationship of the point where the
sphere contacts the vertex is included in the positional re-
lationship of the point where the sphere contacts the edge.

We calculate each of the tool positions determined
on the XY plane by seeking the coordinate of Point P
with the largest Z-value satisfying the above-mentioned
Egs. (1)-(6) among all of the triangular meshes and their
edges.

The above-mentioned procedures enable us to generate
the tool paths for finishing the inclined and curved sur-
faces of a product shape.

For the roughing, we use a flat drill, as proposed by an-
other research group [20]. In ball end milling or square
end milling, the tool’s side-cutting edge is generally used.
Although there is a cutting edge at the end of a ball end
mill, its peripheral speed approaches zero, making it im-
practical to use in machining. Moreover, as no cutting
edge exists on the bottom face of a square end mill, we
have to avoid feeding the tool, (whether a ball end mill
or square end mill) to its axial direction for any mate-
rial. Although a flat drill is planar at the end and thus
cannot be laterally fed for machining unlike in an ordi-
nary end mill, it is suited for thrust cutting. In the case
of a flat drill, we can determine the tool position by con-
sidering the position where the cylinder in the tool shape
contacts the triangular mesh in the product shape as an
offset in the Z-direction. In seeking the flat drill’s tool po-
sition, with respect to all of the triangular meshes, we ge-
ometrically determine the center position of the cylinder’s
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(a) Plane (b) Vertex

Fig. 9. Positional relationship between the cylinder and
point of contact of the triangular mesh.

Fig. 10. Geometric positional relationship between planes
and cylinders.

bottom face where the Z-value becomes the largest at ei-
ther of the points where the cylinder contacts the plane or
edge (Fig. 9(a)) and where the cylinder contacts the vertex
(Fig. 9(b)).

Figure 10 shows the positional relationship of the
cylinder contacting the plane or edge. With the center
of the cylinder’s bottom face denoted by P and its radius
by R, its contact Point H with the triangle BCD can be
expressed as follows:

R ::‘iﬁ?‘ R
ﬁ:mﬁ—i—ngg

0<m<1
O0<n<l
O<m+n<l1

Furthermore, the contact Point H exists somewhere on
the intersection line between the plane represented by the
cylinder bottom face and that represented by the trian-
gle BCD. As shown in Fig. 11, we denote the intersection
line between Planes F/ and F2 by L.

With Plane 1 expressed by Eq. (1) and Plane 2 by
Eq. (2), we determine the intersection line L between the
two planes from Eq. (3) using Point H where the intersec-
tion line passes, the intersection line’s direction vectors
7 (ey, ey,e;), and parameter f.

axx+by+cz=dy . . ... . .. .. (8
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Plane F2
Intersection

_ linelL
Plane F1 d

,'C"JI
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Fig. 11. Relationship between two planes and their lines of
intersection.

Fig. 12. Interval between the centers of the holes.

ax+by+cyuz=dy, .. ... .. ... 0

The intersection line’s direction vectors € constitute the
normal and perpendicular vectors of the two planes and
can be acquired using exterior product calculations. The
components of the direction vectors can be expressed as
follows:

ex = bicy—c1by
eyzclaz—alcz
e;=aby—bay . . . . . .. . . .. (10)

As we only consider three-axial machining herein,
e; = 0. With two arbitrary points on the intersection line
denoted by I and J, using the intersection line’s direction
vector €, an equation can be constructed as follows:

=1z L

Furthermore, as the contact point H exists on the inter-
section line L, the corresponding calculation is as follows:

H=wll . . . ..

We can determine the contact point H between the tar-
get’s triangular mesh and flat drill’s circular bottom face
using the above-mentioned relational expressions.

In the case where the triangle’s vertex contacts the
cylinder’s bottom face, the Z-value of the bottom face be-
comes equal to that of the vertex where the triangle con-
tacts the cylinder’s bottom face. With respect to the tool
positions determined on the XY plane, we calculate the
flat drilling machining tool position by seeking the coordi-
nate of Point P where the Z-value satisfying Eqgs. (7)—-(12)
becomes the largest among all of the triangular meshes.

As a flat drill is planar at the end, it can perform over-
lapping hole-drilling, unlike an ordinary drill with a sharp
end. As shown in Fig. 12, therefore, we conduct rough-

. (12)
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ing with a flat drill by machining overlapping holes with a
certain space between them. The space between the over-
lapping holes in the Y-axial direction is equal to the radial
depth of the cut to be specified. If the space between the
overlapping holes in the X-axial direction is 0.7 or less
times the radius of the tool to be used, we can rough ma-
chine with it, leaving no areas unmachined except at the
edge parts.

With respect to each of the tool positions determined
on the XY plane, we need to determine the tool’s Z-value
using the above-mentioned geometrical calculations. This
is because in cases of finishing where machining accuracy
is required, Rd and Pitch in the tool’s moving direction
may be so small in value that the number of points to be
determined becomes enormously large. Moreover, in the
case of an injection molding die (i.e., the object of this
study), the number of meshes of the CAD models as an
analysis object can become so large that it takes a mas-
sive processing time to determine the tool position, cor-
respondingly lengthening the analysis time. Therefore,
we shorten the analysis time by using a GPU for parallel
processing. The tool position determination processing at
each XY -position can be performed independently and is
identical to the processing to determine the point of con-
tact between the sphere and triangular mesh. GPUs were
originally intended for use for image processing; here, we
apply one to the analyses. We need to transfer the memory
information of the CPU as a main memory to the GPU for
its parallel processing and then to transfer the processing
results to the CPU. Although such data-transferring pro-
cessing constitutes overhead, it can increase the amount
of parallel processing: the longer time one processing
requires, the more effective it becomes. Although the
specific designs for transferring information from CPU
to GPU are important, we perform the parallel process-
ing by (1) transferring the vertexes and normal vectors of
all triangular meshes of the CAD model as a processing
object, (2) transferring the X- and Y-coordinates of each
point and tool diameters based on determining the tool’s
Z-position at each GPU core by the method described in
Section 2, and (3) transferring the processing results to
the CPU. We can significantly shorten the analysis time
by transferring the information on the vertex coordinates
and normal vectors of all of the triangular meshes, X- and
Y-values of the tool positions determined on the XY plane,
and the tool radii to the GPU memory. Thus, the pro-
cessing for determining the Z-value at each point can be
executed in each GPU core.

4. Case Study

To verify the validity of the proposed method, we con-
ducted analyses using the STL data of the CAD model of
a product shape, as shown in Fig. 13. Fig. 14 shows the
CAD model of an injection molding die as generated by
the method described in Section 2. In this case study, the
position where the normal vector in the Y-axis direction
of the CAD model switched between positive and nega-
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Fig. 13. CAD model
used for case study.

Fig. 14. Triangular mesh
of generated mold.

Fig. 15. CAD model of generated mold (lower mold).

Table 1. Machining conditions used in the case study.

(a) Roughing with a flat drill

Tool type Flat drill

Tool diameter 4.0 mm

Radial depth of cut 0.5 mm
Spindle speed 6000 min~!

Feed rate 100 mm/min

(b) Finishing with a ball end mill

Tool type Ball end mill

Tool diameter 1.0 mm

Radial depth of cut 0.02 mm

Feed direction resolution (tolerance) 0.02 mm
Spindle speed 10000 min~!

Feed rate 200 mm/min

tive was obtained in advance and used as the split plane.
Fig. 15 shows the CAD model as drawn while consid-
ering the natural light reflection to prove that the normal
vectors are correctly directed. The tool paths for the lower
die model are machined based on the conditions described
in Table 1. Fig. 16 shows the toolpaths for roughing with
a flat drill as acquired by the proposed method. Fig. 17
shows the toolpaths for finishing with a ball end mill. In
this case study, after roughing the model with a flat model,
prior to its finishing, we apply semi-finishing to the tool-
paths for the finish scanning by diminishing the machin-
ing margin by 0.1 mm stepwise from 0.5 mm. We used
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Fig. 16.  Toolpath for
roughing with a flat drill.

Fig. 17.  Toolpath for
finishing with a ball end
mill.

Fig. 18. Machined results.

Fig. 19. Injection molding result with machined mold.

the Intel Core 17-1065 as the CPU and NVIDIA GeForce
GTX 1650 as the GPU. Based on analyzing the finish ma-
chining tool paths, the parallel processing with the GPU
requires an analysis time of 3 min, 13 s, whereas the par-
allel processing without using any GPU requires 99 min,
51 s. Fig. 18 shows a workpiece (aluminum alloy A5052)
machined with an NC machine tool Robodrill -D14MiB
(made by Fanuc Corporation). We can see from the ma-
chined workpiece in Fig. 18 that there are no problems in
the generated tool paths.

Finally, using the machined injection molding die, we
injection molded a polypropylene material with an injec-
tion molding machine (MoldLock X-801). Fig. 19 shows
the injection molding results. The purpose of this study is
to automatically generate a CAD model of a mold from a
CAD model in the STL format of a product shape includ-
ing a free-form surface; as such, it is difficult to evaluate
the accuracy after injection. In this study, we assume that
the accuracy of the mold depends on the machining con-
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ditions for the finish cutting. A quantitative evaluation of
the injection molding results will be conducted as a future
research topic. The use of the system constructed in this
study enables us to significantly shorten the lead times
for the injection molding production of products from 3D
CAD models expressed in the STL format.

5. Conclusions

In this study, we proposed a method for automatically
generating CAD models of injection molding dies, using
only the information of the 3D CAD models of the prod-
ucts as inputs. We also developed a system for automati-
cally generating NC programs by automating the process
planning necessary for machining the generated injection
molding dies. The conclusions of this study are summa-
rized below.

1. We generated the CAD model of an injection mold-
ing die by dividing the CAD model of a product
expressed in the STL format into triangular meshes
on a specified split plane, inverting the normal vec-
tors of the triangular meshes acquired by the above-
mentioned division, and adding a mesh to provide
the outer frame of the injection molding die.

2. With respect to a CAD model in the STL format hav-
ing many free curved surfaces, we generated its scan-
ning tool paths from the geometrical relationships
between the sphere/cylinder and triangle. Further-
more, we reduced the calculation time by employing
parallel processing with a GPU.

3. We verified the proposed method through actual ma-
chining to confirm that we could machine injection
molding dies without problems using the NC pro-
grams generated by the proposed method. The re-
sults from the injection molding with the machined
die were valid.

In our approach, we need to specify the split plane of
the CAD model of a product in advance to extract the
CAD model of its injection molding die. To further pro-
mote the automated generation of injection molding dies,
we will study a method for automatically determining the
positions of split planes and number of divisions from the
features of the triangular meshes constituting the CAD
models of products.
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