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Abstract. The general step reduction and enlargement (GeneSteR + E) method
and the general forging die design (GeneDie) method can exhaustively generate
forging processes and dies for non-axisymmetric forged products. However, the
variation of generated plans are limited, potentially excluding optimal solutions.
This paper proposes an optimization support method that generates alternative
design plans for non-axisymmetric forged products. The proposed method gen-
erates various die design plans according to various shapes of a workpiece and
relative positions of the forged product and workpiece to dies. The shape of an
initial work material is generated by resizing the shape in an original process plan
while keeping the same volume as planned, and the parting lines of dies are defined
by rotating the forged product around its center of gravity. The positions of the
workpiece are generated by distributing the workpiece around its center of gravity.
The shape of a forged product is modified so that undercut constraints are satisfied
on the premise of subsequent blanking or punching processes. A large number of
design candidates are evaluated by a finite element method analysis tool using a
robotic process automation (RPA) tool. An experimental design knowledge base
and RPA workflows were developed and applied to the forging dies of automo-
tive parts. The experimental results show that the proposed method can generate
alternative forging dies including those nearly equivalent those designed by an
experienced engineer but in less time.
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1 Introduction

The production design of cold- and warm-forged products involves forged product design
to determine the shapes of the products formed by the forging processes, forging process
design from the initial work material to the final product, die design to form forged
products at each stage of a process plan, and evaluation of the die design plans. The
die design affects the product quality, cost, and delivery. These tasks require extensive
knowledge and experience in plastic forming, forging, blanking, and punching and are
time consuming and difficult even for experienced engineers. It is thus important to
improve the efficiency and quality of the production design of forged products.

Case-based [1-4] and rule-based [5—10] approaches have been proposed for planning
the forging process. However, these methods are limited to products similar to those in
design cases or mainly axisymmetric products. The general step reduction and enlarge-
ment (GeneSteR + E) method [11] and the general forging die design (GeneDie) method
[12] can generate multiple process and die design plans for totally non-axisymmetric
forged products, such as hexagon-head bolts, yokes, and electronic connectors. However,
the generated die design plans are limited on the relative positions of a forged product
and a workpiece to dies and the shape of the initial work material. Therefore, an opti-
mal or suboptimal die design plan may not always be included in the generated plans.
It is important to support the optimization of die design plans because the design and
evaluation of a large number of design candidates are troublesome and time consuming
owing to trial and error.

In this paper, we propose an optimization support method for forging processes and
dies to form non-axisymmetric forged products. The proposed method combines the
exhaustive generation of die design plans and the automation of finite element method
(FEM) analysis using a robotic process automation (RPA) tool. The die design plans
are generated by modifying given process and die design plans regarding the relative
positions of the forged product and the workpiece to dies and the shape of the initial
work material. The modification of forging process and die design plans assumes the
existence of the subsequent blanking and punching process. A large number of generated
design candidates are automatically analyzed by the FEM analysis tool controlled by
the RPA tool. The present study developed an experimental knowledge base and RPA
workflows and applied them to automotive parts. The experimental results show that the
proposed method generates alternative forging dies including dies nearly equivalent to
those designed by an experienced engineer but in a shorter time. The proposed method
thus improves the efficiency and quality of process planning and die design.

The scope and issues of forging die optimization support are described in Sect. 2.
Strategies for resolving undercuts caused by the rotation of a forged product are described
in Sect. 3. The detailed design and evaluation procedures of forging dies are described
in Sect. 4. The experimental results obtained when the proposed method is applied to
automotive parts are presented in Sect. 5.



Optimization Support Method for Cold and Warm Forging Dies 5
2 Issues of Forging Die Optimization Support

2.1 Scope and Issues of Forging Die Optimization

In this study, the scope of forged products is thick plates formable by the sequential
forging press (SFP) method [14] as shown in Fig. 1a. The SFP method was proposed for
forming hollow parts, such as Universal Serial Bus (USB) Type-C connectors, which are
conventionally fabricated by metal injection molding, or for thick plates made through
shearing processes such as fine blanking. The SFP method uses upper and lower dies to
hold a space for the work material and forges the work material by inserting a pair of
punches into this space from the left and right sides as shown in Fig. 1b.

The GeneSteR + E method generates process plans exhaustively by combining sim-
ple shape transformation rules over forged products. The GeneDie method also generates
die design plans exhaustively by combining the basic die structure types and the forming
surface configurations. However, the variation in the relative positions of a forged prod-
uct and workpiece to dies and the shape of the initial work material is limited to simple
cases. Taking the example of the forged product shown in Fig. la, there are various
possibilities for the position of the forged product as shown in Fig. 2a, and the initial
position is not always optimal or suboptimal. The positions of the forged product and
workpiece affect both the process and die plans, but hereinafter only the die is referred
to unless it is necessary to distinguish the plans.

The scope of die design optimization is the position of the forged product and work-
piece relative to the dies and the shape of the initial work material. The position of a
forged product is changed by rotating the forged product around its center of gravity as
shown in Fig. 2a and the position of a workpiece is changed by rotating the workpiece
around its center of gravity as shown in Fig. 2b. The shape of an initial work material is
changed by resizing its width and height while keeping the planned volume as shown in
Fig. 2c.

The rotation and resizing operations themselves are simple but the rotation of a forged
product may introduce an undercut. Figure 3 presents an example of undercuts (shown
in yellow) resulting from the rotation of a forged product. The adoption of an undercut
countermeasure may affect the volume of the initial work material. Countermeasures
against undercuts are discussed in Sect. 3.

‘Workpiece 1
Lowerdie |
Right punch |
Leftpunch |

Fig. 1. a Isometric, top and side views of a forged product. b Forging dies of the SFP method
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Fig. 2. a Forged products with rotating position. b Workpieces with rotating position. ¢ Resized
work materials.
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Fig. 3. Example of undercuts caused by the rotation of a forged product.

2.2 Issues in Evaluating Die Design Candidates

If a large number of design candidates are obtained, it is necessary to evaluate them to
find the best one. Prototyping or trial production is best from the point of view of accuracy
but is costly and time consuming. Physical simulation using alternative materials such
as clay and wax is less accurate than prototyping but can be done more quickly and at
lower cost. However, physical simulation is not suitable for evaluating a large number of
die design plans. Numerical analysis is generally less accurate than physical simulation
but is quicker and less expensive than the former two approaches. In this study, FEM
analysis is adopted for die evaluation because the purpose of the evaluation is to eliminate
unlikely design candidates and narrow the range of potential solutions. However, if an
FEM analysis tool cannot be controlled via an application program interface such as
Windows Object Linking & Embedding, engineers need to interactively operate the tool
via a graphical user interface. There is a limit to manual processing as the number of
design candidates increases, and it is thus important to automate the analysis without
manual intervention.

3 Countermeasures Against Undercuts

3.1 Undercut Problems

An undercut refers to a state in which the forged product cannot be removed from the
dies after forming owing to interference between the dies and forged product. Generally,
several approaches are adopted to solve undercut problems. In this study, subsequent
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blanking and punching processes are assumed after the forging processes. The undercut
problems are thus solved through the shape modification of a forged product.

Undercuts do not occur if the shape of a forged product tapers off from the parting
line in the pressing direction. Therefore, the undercut problem can be simplified to the
first quadrant of a forged product divided by the parting line and one or two line segments
perpendicular to it as shown in Fig. 4. In the following, we discuss only the first quadrant,
and the X, Y, and Z axes respectively correspond to the right, upper, and front directions
in figures.

3.2 C(lassification of Undercuts

Undercuts can be classified into two types from the point of view of the interfering
object. One type occurs between the forged product and the parting line and the other
occurs within the forged product. Figure 5 shows examples of these two types. In this
paper, the former is referred to as the work-parting line undercut and the latter as the
inter-workpiece undercut.

y _—~ Parting line Work-parting line Inter-workpiece
r undercut undercut
Pressing 2 B 1 Pressing )
direction v direction N
N .//
‘.\ . P % 4
3 - 4 &
z@ X
Fig. 4. Examples of a forged product Fig. 5. Example of two types of undercut.

quartered by a parting line and one or two
lines perpendicular to it.

3.2.1 C(lassification of Work-Parting Line Undercuts

Work-parting line undercuts can be further classified into the four types shown in Fig. 6.
Let P1 be the vertex of the convex portion in the Y-axis direction where the undercut
occurs and let P2 be the vertex of the concave portion in the X-axis direction. The
undercuts are classified along the edge from the parting line of the workpiece to the
maximum coordinate in the pressing direction of the workpiece according to the order
of occurrence and the X-coordinate value.

A press direction undercut refers to the state in which P1 is followed by P2 and the
X coordinate of P2 is smaller than that of P1. A release direction undercut refers to the
state in which P1 follows P2 and the X coordinate of P2 is greater than that of P1. A
sharp-tip undercut refers to the state in which P1 is equal to the maximum coordinate in
the pressing direction. A basic work-parting line undercut refers to the state in which P1
is different from all of the above. Currently, only the basic work-parting line undercut,
which is likely to happen often if a forged product is rotated, is supported by the proposed
method.



8 R. Okamoto et al.

3.2.2 C(lassification of Inter-workpiece Undercuts

Inter-workpiece undercuts can be further classified into the two types shown in Fig. 7. A
basic inter-workpiece undercut refers to the state in which there is a dent in the direction
perpendicular to the pressing direction. A folded shape undercut refers to the state in
which there is a dent in the pressing direction and there is an undercut on the top surface
of the dent. This type of undercuts is currently beyond the scope of the proposed method.

‘ Basic work-parting line undercut ‘ | Press direction undercut |
7 7

:{ P1 Pl

@ e

y
y

Basic inter-workpiece
undercut

Folded shape
undercut

Release direction undercut Sharp-tip undercut
P1—y \

L‘\ ) > Pl \’\/ \ \7//'”, : 1/\" ‘/\ : \‘\ = ¢ ,
\\y \ \

Fig. 6. Four types of work-parting line undercut. Fig. 7. Two types of inter-workpiece
undercut.

3.3 Shape Modification Procedure for Basic Work-Parting Line Undercuts

If a basic work-parting line undercut exists in the shape of a forged product, the shape
of the forged product is modified in three steps.

(1) The forged product is cut along a Y-Z plane at the vertex of convex portion in Y-axis
direction.

(2) The cut surface of the forged product is extruded to the location of the parting line.

(3) The forged product is combined with the extruded model.

An example of the shape modification of a forged product for the basic work-parting
line undercut is shown in Fig. 8.

Cut surface

I
i =) ) ! Workpicce
,/ Shape o , Lower die
modification .
, Right punch
, Left punch

Fig. 8. Example of the shape modification of a forged product for the basic work-parting line
undercut.
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3.4 Undercut Type Convergence Through Shape Division

The type of undercut may be changed by dividing the shape of a forged product. In the
case of inter-workpiece undercuts, the type can be converged to work-parting line under-
cuts by dividing the shape. The position where the shape is divided differs depending
on the feature of the shape as shown in Fig. 9. The dashed lines in the figure indicate
the division of the forged product by a plane at that position. The conditions of shape
division are as follows.

(a) There is no concave section in the pressing or release direction
The shape of a forged product is divided at the vertex in the Y-axis direction
nearest to the parting line.
(b) There is a concave section in the release direction
The shape of a forged product is divided at the point nearest to the parting line
from either the vertex of the concave in the Y-axis direction or the vertex of the
convex in the pressing direction.
(c) There is a concave section in the pressing direction
One of the above division procedures is applied to the lower surface of the
concave section.

Pressing [
direction h Y

Parting line

Release o 5 e
direction oo '
(a) (b) (c)

Fig. 9 a No concave section in the pressing or release direction. b Concave section in the release
direction. ¢ Concave section in the pressing direction.

4 Optimization of Forging Dies

4.1 Detailed Design Procedure of Forging Dies

The detailed design of forging dies takes basic process plans generated by the GeneSteR
+ E method and die design plans generated by the GeneDie method as inputs. The
positions of the forged product are enumerated in a given range by rotating the product
around its center of gravity. The position of the forged product determines the parting
line between dies, and the shape of the forged product is thus modified as described in
Sect. 3 to satisfy undercut constraints if necessary. If the shape of the forged product
is modified, the volume of the initial work material is also changed according to the
volume change of the forged product. The width and height of the initial work material
are then enumerated in given ranges without changing the volume or thickness. The
positions of the workpiece are enumerated in a given range by rotating the workpiece
around its center of gravity. The rotation axis is perpendicular to the pressing direction.
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The die design plans for optimization are then generated for each modified process plan
using the GeneDie method. A data flow diagram of the overall detailed design process
is shown in Fig. 10.

Parameters for Parameters for  Parameters for
Detailed design of | Die design Basic process the position of the Sh_ﬁpe of the position of
forging dies plans plans aforged product ~ material a workpiece
f

| ‘ Assume the position of the forged product ‘ ‘

Resolve design constraints|

‘ ‘ Assume the shape of the work material | ‘

|
| ‘ Assume the position of the workpiece |

Modified process plan

]
Die design plan

Fig. 10. Data flow diagram of the detailed die design procedure.

4.2 Procedure for Evaluating Die Design Candidates Using RPA

A large number of detailed die design plans will be generated, and the automation of
the evaluation of the plans using an FEM analysis tool is thus essential for optimization
support. Generally, the control method of an application depends on the platform and
the application itself. In this study, RPA was adopted to automate the interaction with an
FEM analysis tool. RPA is a framework or an application that automates computer-based
tasks such as mouse clicks and text input.

RPA was used to prepare an analysis model and analysis conditions for an FEM
analysis tool based on a generated die design plan, and to direct the tool to analyze the
model. After the completion of the analysis, analysis results such as the forming stress
were obtained through the RPA tool. Figure 11 is a sequence diagram of this procedural
flow.

5 Implementation and Experimental Results

5.1 Overview of the Experiment

An experimental knowledge base for die optimization support and RPA workflows for
dies evaluation were developed and applied to the die design of forged parts for auto-
mobiles. The knowledge base generates dies design candidates, and the candidates are
analyzed with an FEM analysis tool through an RPA tool. It is the role of an engineer
to evaluate analysis results and select the optimal solution candidates for prototyping.
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Fig. 11. Sequence diagram of FEM analysis of a die design plan using RPA.

In this experiment, we evaluated whether the proposed method obtained the same result
as the optimization work of an engineer, who has over 30 years of practical experience
in forging, and improved the efficiency of the work. The knowledge base was devel-
oped in the knowledge representation language DSP [10], and basic shape operation
functions were implemented in Inside Prolog [13] using the Windows Object Linking &
Embedding interface of the SolidWorks 3D CAD system.

The basic process plan used in the experiment was a single stage that forms auto-
motive parts' from initial work materials as shown in Fig. 12. The design conditions of
rotation angles and sizes are given in Table 1. These values were selected from within the
range expected to give a reasonable solution and allow the evaluation of the design plans
to be completed in a realistic time. The initial work material and the workpiece were the
same because of the single forming stage. The volume of the initial work material was
not updated according to the shape modification of the forged product in this experiment.
The FEM analysis is performed in 3D, and the analysis conditions are given in Table 2.

Forming

Fig. 12. Process plan for automotive parts.

5.2 Experimental Results

For the single-process plan, 114 die design plans were generated in approximately 148
min. Examples of the generated results are shown in Fig. 13. Figure 13a shows examples
of rotated forged products with shape modification due to undercuts. Figure 13b and 13c
show examples of initial work materials of different sizes and their rotated examples.

! The forged parts are then formed into additional shapes such as gears as automotive parts.
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Table 1. Design conditions for die design.

Start End Step
Size of initial work material (mm) 5.0 15.0 5.0
Rotation angle of workpiece (%) 0.0 180.0 10.0
Rotation angle of forged product (%) 60.0 120.0 30.0
Table 2. FEM analysis conditions.
Parameter | Process type | Material Pressing | Shear | Die Material
speed temperature | temperature
(mm/s) (°C) (°0)
Value Forging Steel ck22 ¢ | 1.0 0.1 20.0 20.0

Figure 14 shows an example of die design plans generated from the knowledge base.
The figures results show that the shape of a forged product was modified according to
its relative position to dies to avoid undercuts.

The die design plans generated from the knowledge base were analyzed with an FEM
analysis tool using RPA. The FEM analysis took about 84 min per an analysis model in
average. Examples of the analysis results are shown in Fig. 15. The execution times of
manual operation and the proposed method are compared in Table 3. The results show
that the use of the proposed method shortens the execution time while avoiding a quality

loss.

Fig. 13 a Rotated forged products with shape modification. b Initial work materials of different

sizes. ¢ Rotated workpieces.
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Fig. 14. Example of a die design plan generated from the knowledge base.

______________ .
- | B Worgicce |
¥’ ! Lower die 3
| HE Rightpunch |
| B Lafi punch 5

Fig. 15. Examples of FEM analysis results for generated die design plans.

Table 3. Execution times of manual operation and the proposed method.

Manual Proposed Reduction

operation (s) method (s) rate (%)
Die design plan generation 515.2 77.9 84.9
Setup for analysis 273.8 125.2 54.3

6 Conclusions and Future Work

This paper proposed an optimization support method for cold- and warm-forging dies of
non-axisymmetric forged products. The proposed method generates various die design
plans based on basic process plans and initial die design plans generated using the
GeneSteR + E and GeneDie methods, respectively. The die design plans are generated
according to the modified process plans having various relative positions of the forged
products and workpieces to the dies and various sizes of the initial work materials. A
large number of generated die plans are evaluated automatically by combining an FEM
analysis tool and an RPA tool.

An experimental knowledge base was developed and applied to automotive parts.
The experimental results show that the proposed method can generate various die design
plans and evaluate them automatically. The results also show that the proposed method is
effective in shortening the work time required for engineers to create various die design
plans and evaluate them one by one.

Only limited types of undercut can be handled as described in Sect. 3. Because
subsequent blanking and punching processes can produce complex shapes, itis necessary
to extend the range of available types of undercut. This is left as future work.
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