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Summary

Mould design and development are experience-oriented operations involving complex
process planning integration and relatively time-consuming processes. A solution for integrating
the process planning with manufacturing operations for mould design and development is
presented. In this paper, the developed solution is related to cost and time. The main aim of the
study is to optimize the whole process planning scenario and make it feasible and accessible for
faster and optimum design to manufacture die and moulds for injection moulding applications.
The developed method consists of group technology (GT) coding for part and tool linked to the
manufacturing process and its criticalities. An impact factor rating system is established using
the weighted average method to associate the manufacturing operations with time and cost
combined with the matrix reduction method so as to produce an optimized sequence of operations.
The effect of restricting certain criticalities (electric discharge machine usage, quality and
complexity) on the GT code is also elaborated in reference to quality and other parameters. The
resultant study presents a novel method of establishing an expert system (ES) that combines GT
coding, manufacturing operations, weighted average and matrix reduction to optimize the process
planning. The rationale behind the research is an effective use of the ES in optimizing process
planning applications in digital manufacturing.

Key words: process planning, expert system, tool design, injection mould, group
technology, digital manufacturing

1. Introduction

It is requirement of industry to produce tooling with shorter lead times and desired
robustness due to the fierce competition, short product life cycles, rapid technological
advancements, and fast paced markets. This requirement triggers the need for optimal process
design and low cost of quality to meet the requirements of feasibility and market demand. After
designing a product, process planning is one of the challenging tasks of the manufacturing
industry, where multiple solutions are available to produce a single part with their own pros and
cons. In process planning, a single person or a team is hired to transform the product design
into different manufacturing processes so as to streamline the manufacturing system and
convert the raw material into the designed product [1].
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Expert Systems (ES) are being implemented almost in all kinds of decision making, such
as forecasting, product development, process planning, strategic planning, etc. These systems
are based on expert’s decision, which is based on the knowledge learnt from experience that
resulted in successful outcomes. In other words, these knowledge-based practices are the best
practices but in the form of data rather than descriptions or books which are fed into a database
of a system to extract results based on a given situation [2].

Dies and moulds are basic tools used in most manufacturing processes to produce
components of automobiles, consumer products, electronic items and aircraft. The production
of industrial goods requires manufacturing of discrete parts that are assembled to finished
products. Forging, moulding and other manufacturing processes used to produce large
quantities of parts require dies and moulds. Design, development and try-out of new dies and
moulds may be critical in determining the feasibility and lead-times of an entire research and
development (R&D) programme. The quality of dies and moulds directly affects the cost of
quality of the production. The use of ESs to aid the process planning of dies and moulds design
and manufacture may positively affect the development process, resulting in favourable
feasibility, low cost of quality and decreased lead time [2].

The core objective of this study is to shorten the process planning of product manufacture
using an ES. Therefore, a unique process planning technique is used incorporating the existing
framework of a part, recognizing the need for the tool, and identifying and sequencing the
manufacturing processes. A comprehensive literature review has been carried out to define the
scope of research. The literature review can be divided into three main segments: machining of
dies and moulds, use of ESs in computer-aided process planning (CAPP) and automated CAPP
using other techniques.

1.1 Machining of dies and moulds

De Lacalle et al. focused on the process planning for machining of die and mould using
computer-aided manufacturing (CAM) systems. They proposed a CAM system which is
responsible for numeric control (NC) programs used for parts to be moulded and to make it
compatible with high-speed milling (HSM) operations. Software packages such as Vericut and
Catia are integrated with optimizing parameters to facilitate the process [3]. Lim et al. presented
a tool path planning method and integrated an ES to maximize the productivity using higher feed
rates of materials. This includes a database of materials and allowable ranges of process
parameters which can be used to maximize the yield of production [4]. Wang and Chen used
CAD, CAM and CAE integration to optimize the design of tool manufacturing for minimum
deflection. This method drastically improves the accuracy of the machining resulting in precise
moulds with accurate dimensions [5]. Krajnik et al. presented a comparison between the
application of traditional and high-speed machining over the manufacturing of dies and moulds
[6]. Le et al. proposed that one way to reuse old moulds and dies in its essence is to use hybrid
manufacturing, which involves additional manufacturing with the principles of end-of-life (EOL)
manufacturing. This method overrode restrictions on additional fabrication such as surface
weakness, dimensional inaccuracy, material availability and long cycle times. The method
primarily used in this approach usually involves direct energy deposition (DED) such as direct
material deposition (DMD) and other powder bed fusion (PBM) techniques such as selective laser
machining (SLM) and electron beam melting (EBM) [7]. Atlan et al. focused on the process
planning of tool die designing and manufacturing with geometrical planning. However, such
process planning does not consider the criticalities of the HSM process. The authors also worked
on the optimization of the NC code for feed rates to achieve faster production. An approach was
developed to utilize G-OPTIM (a developed program) to convert the provided feed rate to
subcategories, such as the curve feed rate, sharp direction feed rate, direct numeric control (DNC)
feed rate and cycle feed rate, and to optimize the machining performance accordingly [8].
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1.2 Expert systems in computer-aided process planning (CAPP)

Martinez et al. presented an integer-based optimization of process planning for the pulp
packaging industry. They developed a simple algorithm to select a suitable mould for the
production based on the demand and the lead time [9]. Wu and Wang proposed a study to map
thinking and imprecision of the human mind for planning a neuro-fuzzy approach. The developed
neuro-fuzzy system worked by building rules, i.e. IF-THEN and IF-ELSE, and assigning weights
and priorities to each rule, after some complicated assessment produced a de-fuzzified output. To
create a successful neuro-fuzzy system, a decision and knowledge-based ES was required which
may even not be accurate all the time because of imprecision in the human decision context [10].
Cakir et al. developed a new ES incorporating the issues of clamping methods, type of milling
operation, feed direction of the cutting tool, etc. They also included the important requirements
of any process planner regarding the die and mould, such as the surface being machined,
workpiece material, type of application and tool material. This ES provides outputs such as
available tool type, work holding method to be employed, direction of feed (up/down milling),
method of machining, depth of cut, offset values and other miscellaneous information [11]. Lim
et al. proposed to use a CLIPS (C Language Integrated Production System) ES tool which uses
the manufacturing part recognition combined with the part feature database to give a potential
production plan for the required die and mould production [12]. Nakao et al. proposed a set of
standards in the sequence of operations, fixing parameters for operations which are based on the
item group most often produced in the industry, deleting dependent decisions from the human
and just deciding on primary variables, combining pre-operations to converge to a faster decision
and reducing the number of selection options and parallel processes [13].

Wongwiwat et al. studied production scheduling for injection moulding manufacture
using the Petri net (PN) model. In their study they established that in the injection moulding
process the mould and die manufacturing is governed by the lowest makespan cut (LMC) which
was a contributing factor derived from the lowest makespan (LM). An effective method to
reduce the time of die and mould manufacturing was necessary [14]. Miko et al. worked on the
cost and time estimation of the dies and mould manufacturing for a quotation. They made an
analytical model which estimated the cost based on the part complexity and quality [15].
Denkena and Nemeti proposed a model to predict a realistic price of dies and mould
manufacturing for quotation purposes. It was suggested that accurate price estimation was
directly related to quality and complexity in calculations but many times this was replaced by
estimates based on past experience. For better price estimates high co-ordination at a cross-
functional level was needed within a company especially in the tool design areas [16]. Vazquez
et al. studied micro milling of mould cavities for ultrasonic moulding applications and
developed a certain process planning algorithm clearly highlighting workpiece, tool and process
requirements and deriving tool and process parameters from the input [17].

1.3 Automated computer-aided process planning (CAPP)

Kumar presented the use of artificial intelligence in the computer-aided process planning
(CAPP). He divided his review into three basic fields of CAPP: 1) feature-based design and
modelling, which is the main input to the CAPP system, ii) ESs and their applications and iii)
state-of-the-art evolutionary techniques, which are being implemented in the CAPP [18]. Chen et
al. presented advancements in dies and moulds manufacturing including the latest techniques of
CAD, CAM, CAPP and CAE [19]. Basinger et al. proposed a modular based CAPP approach for
hybrid manufacturing focusing on the additive-subtractive approach and limiting the study to
pocket holes and flat surfaces [20]. Wswase et al. presented an automated CAPP research
integrating the CAD and CAM technique. They highlighted that the automatic feature recognition
(AFR) technique is an efficient technique for the automated CAPP [21]. Behandish et al.
established an automated CAPP using the additive and subtractive techniques on parts. They used

TRANSACTIONS OF FAMENA XLV-4 (2021) 107



H. Ur Rehman, F. Boodr, A Novel Method for Process Planning for Die and
M. Wasif, S.A. Igbal Mould Manufacturing Using Expert System Approach

the finite Boolean algebra (FBA) technique to define forming codes for the product. They claimed
that the process was robust since it used logical searching and FBA techniques [22]. Karim et al.
presented a simplified CAPP technique, which read the data file of the part and tool, and based
on the geometrical definition it decided which manufacturing process and tooling are appropriate.
A sample problem is also used as the application of the study problem [23].

1.4 Development of CAPP system for mould manufacturing

In most of the studies presented above, the CAPP approach was developed, limited to the
part, die, moulds and operations. Especially the ESs used in these studies are limited to the number
of operations and complexity of geometry. Contributing to the field of process planning, a new
method has been developed. This process planning system comprises the use of an existing part
identification system based on group technology and the development of tool attributes for dies
and moulds based on group technology, combined to form an ES. Part complexity and quality are
also attributed to the tool as provided by the customer. The sequence of manufacturing processes
is optimized using the ES. Finally, based on the complexity, the quality, the manufacturing
process and tooling requirements, cost and time analyses are also performed.

The pyramid (Fig. 1) deals with the gist of the developed algorithm and expands on how
general part design characteristics can be incorporated in the decision-making process. The part
design attributes contain external and internal features of the part, part class complexity and other
design features that are directly related to the tool being manufactured for the production of a
part. The higher hierarchy deals with the manufacturing tool attributes directly derived from the
part attributes, where a relational linkage is established impacting the change of design attribute
to part attribute. On the basis of the manufacturing attributes the process planning for the mould
(tool production) is carried out, which defines the manufacturing operations to be employed, the
sequence of operations to be carried out and criticalities of the manufacturing operation. As a
result of the achieved process planning outcome a quantifiable factor for the time and cost impact
rating can be obtained, which helps in decision making. The pyramid shows the approach to the
whole algorithm providing details about the integration of the decision making with design
attributes and process planning in the mould tool manufacturing. These attributes and process
planning come together to aid the decision making for the mould tool manufacture.

The paper has five sections: section 1 presents the research problem and literature review.
Section 2 deals with the methodology of the research. Section 3 describes the developed
algorithm for process planning. Then, section 4 explains the application and provides an
example and section 5 concludes the study.

Decision
making

Process planning
(Mfg. process, sequencing,
time and cost impact)

Tool design attributes
(Primary design, manufacturing, costing)

Part design attributes
(External/internal shapes, part class, compelxity etc.)

Fig. 1 Pyramid approach to decision making in the planning of mould manufacturing process
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2. Methodology

The main issue in the current trend in manufacturing is that major manufacturing
capabilities are still experience-oriented which lengthens the time for production planning and
results in an incorrect prediction of time and costs. This study addresses these issues by
optimizing and automating the manufacturing processes.

A detailed study of part design attributes (feature based) is carried out along with their
related effect on tooling. The work involves studying the dies, moulds and related
manufacturing criticalities along with their dependencies on the part design attributes and their
effect on the manufacturing attributes of the tool. This led to the development of a part
identification system that incorporates design attributes of dies and moulds. The development
of a manufacturing-based coding system and correlating it with the design attribute of a part as
well as setting up a manufacturing process database that changes its characteristics with the
changing attributes of part and tool are accomplished as part of the next phase.

The developed coding system integrates a detailed study of criticalities that should be
considered for each process during the selection. The impact of the selected manufacturing
processes is related to the time and costs of manufacturing. An output is generated displaying
the impact of criticalities of the manufacturing processes on the time and cost impact rating.
Manufacturing restrictions are also incorporated in the code by sustaining a certain preset
requirement from the customer or manufacturer (effect of prerequisites on the coding system)
which is combined with an associated method for automatic selection of an optimum sequence
of operations and linking it to the developed code. The system resulting from the study is the
so-called ES that provides ease in the decision making and planning of the part in a shorter and
more productive way. Figure 2 elaborates the direction of the research, where each component
can be further defined as follows:

s N e a s N
1. Applying 4. |dentification of
manufacturing manufacturing 7. Sequencing
restriction processes
/ . P s /
i ~ I S g
2. Identification of 5. Development 8. Impact factor
part attributes of coding system for cost and time
AN J (. J/ . <3 S
e . 9. Analzing
3. Identification of 6. Relating part & manufacturin
tool attributes tool attributes SCIHTING
restrictions
(. J . J/ \§ J/

Fig. 2 Illustration of methodology

Applying Manufacturing Restrictions: Restrictions are defined in the system where
certain established restrictions (EDM usage, complexity, quality, time) are imposed, which in
turn restricted the values in the GT code thereby restricting also the manufacturing process,
time and cost ratings.

Identification of Part: This part of the study is concerned with the identification of
design aspects of the part to be manufactured. The Opitz code is taken as reference to include
the features of the part which may serve as input to drive the whole algorithm [24].

Identification of Tool Attributes: It deals with relating the design parameters of the part
with the manufacturing attributes of the tool that would be used to manufacture the part. A
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group technology (GT) code is developed in this study, uniquely for such problems, including
all the parameters inherent in the tool that affect the manufacturing processing, time and cost
requirements.

Relating Part and Tool Attributes: Geometrical attributes of the part and the tool are
related to each other. The relation is done in such a manner that changing or fixing one attribute
will have a direct impact on other attributes.

Development of Coding System: This part is concerned with combining the GT codes
into one and ascertaining that both work well with one other. Here, a restriction analysis of
relating each code is also carried out and the effect of restricting one parameter in the whole
system is also justified.

Identification of Manufacturing Processes: The manufacturing processes are identified
in this part of the study based on the codes developed earlier. Each code assigned in the previous
step relates one or multiple manufacturing processes to produce a desired feature. Each process
having different value in the GT code is accompanied by a certain set of criticalities which are
identified to have a significant impact during manufacturing and must be taken into account
during machining. The process is setup in such a manner that triggering a set of values in the
GT code will enable the manufacturing processes as well as the process criticalities to be
considered during machining.

Sequencing: The developed GT code system is linked to sequencing the operations
derived from the matrix reduction technique. It is to be noted that the predecessor of each
process will be provided by the process planner since the system cannot recognize the
mandatory predecessor of the manufacturing processes.

Analyzing Manufacturing Restrictions: Here, the restrictions of the manufacturing
processes are analyzed. Higher complexity and high quality directly impact the cost, the dies and
the mould completion time is increased as a function of increase in complexity and quality. In this
step, the provided restrictions (EDM usage, complexity, quality, time) are reviewed, and based on
the customer requirements the finalized restrictions which affect the GT code are imposed.

Impact factor for Cost and Time: A mathematical algorithm is developed relating the
GT code, manufacturing processes and criticalities. The relationships of these aspects with the
cost and time are developed so that the assessment of the cost and time can be performed, which
can be manipulated by simplifying the criticalities. The impact factor calculated using this
algorithm can be used to quote the time and cost of manufacturing dies and moulds in the industry.

After developing the algorithm, one sample part is processed through the algorithm. An
application example is taken to verify the robustness of the developed algorithm, which is
presented in section 4.

3. ES algorithm

In line with the approach, an integrated system is developed that relates part, tool
manufacturing and design attributes. The relationship is developed and coded in the way
described in the following section. This GT code consists of 23 digits, including the part
identification codes, tool attribute identification and other manufacturing criticalities. The
coding system bases its structure on the hybrid structure type configuration, the combination of
chain and the hierarchal structure configurations. Based on the manufacturing criticalities, this
combined factor is utilized to produce a list of possible manufacturing processes and
specifically the sequence that will be followed. That sequence and operations are used to
determine the cost and time impact as well as the criticalities of each process to be considered.
The overall algorithm of the process planning is shown in Fig. 3. An elaborative ES framework
is shown in Fig. 4.

110 TRANSACTIONS OF FAMENA XLV-4 (2021)



A Novel Method for Process Planning for Die and H. Ur Rehman, F. Boor,
Mould Manufacturing Using Expert System Approach M. Wasif, S.A. Igbal

This ES is referred to as Mould Tool ES or simply MTES. The details of each process

developed in the algorithm are as follows.
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Fig. 3 Overview of the developed algorithm showing the process planning from start to finish

The developed algorithm takes input from the part design attributes (see Fig. 4) by
applying the AFR technique such as graph-based to hint-based algorithm or the Rete algorithm
(CLIPS etc.), which may be applied to serve as an information input in order to identify part
class, complexity, internal/external shape element, plane surface finish requirement, auxiliary
hole and gear tooth requirement. The identified part design attributes will serve as a means for
defining tool design and manufacturing attributes.

The determined tool design manufacturing attributes will result in a particular sequence
of manufacturing operations and based on the manufacturing operations and the time-oriented
restriction scenario a particular sequence of operations will be selected by processing the inputs
applying the matrix reduction technique. This determined sequence will give a time and cost
impact rating which may be utilized to make a particular decision with regards to production.
By selecting a time and cost impact rating as well as a sequence of operation a particular list of
manufacturing criticalities may be created in form of a manufacturing report.
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Fig. 4 Elaborative framework of the algorithm linking part and tool attributes
with process planning from start to finish

The whole process is iterative in nature, i.e. if in some case the decision does not support
the production requirements (plan, equipment or any other), then a change in the design of the
part may be suggested and a change in the manufacturing and customer-based restrictions may
be taken into account.

3.1 Manufacturing restrictions

While giving suggestions, the ES considers the manufacturing restrictions. The developed
restrictions encompass low, medium and high usage of EDM and low, medium and high quality
and complexity, whereas for the time aspect the mode can be fast or normal. These aspects will
be defined by the customer or manufacturer based on consultation, costs, process requirements,
delivery, availability, etc. When imposed, these restrictions will place certain limitations on the
GT code, which in turn affects the time and cost impact rating. A major component that can
affect equipment availability, sequencing, cost and tolerance of the produced part is the EDM
usage. If a restriction of high, medium or low usage of EDM is imposed by the
manufacturer/customer, this will result in certain restrictions on the selection of certain
components of the GT code, thereby limiting the sequence and operation selection. Table 1
presents the manufacturing restrictions which can be applied in this system. Each of the
manufacturing restriction corresponds to a change in the tool GT code, which will be defined
in the following sections.

Table 1 Manufacturing restriction conditions and considerations

Code Feature Description
Low Up to 20% of mould cavity
EIS;M of Moderate Up to 50% of mould cavity
High Up to 80% of mould cavity
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Code Feature Description
Time  of | Normal Schedule based on the cycle time of processes
completion | Fast Fast track schedule eliminating details
. All components of dies and moulds must follow
High
5 ¢ current standards
Qua ity o . Up to 50% components must follow current
dies  and | Medium
standards
moulds - _
Low Mould designed optimally by
implementing only the needed standard
High Fine details along with a number of cavities
Complexity | Medium Intricate details with a single cavity
Low Fewer details with a single cavity

3.2 Part identification

The developed algorithm takes input from the part design attributes such as part class,
complexity, internal/external shape element, plane surface finish requirement, auxiliary hole
and gear tooth requirement. The first six digits of the developed codes refer to the part attributes
derived from the Opitz system developed by RWTH Aachen [24]. Table 2 illustrates the details

of the six-digit code for the part identification.

Table 2 Form code (Opitz system) for the part identification

Code Code
Position | Name

Feature Description

Based on the rotational and non-rotational

0 Pi Part class characteristics of the part. For identification of
turning operation.
1 P2 External shape element | Various types based on external periphery.

This digit implies the internal shape feature of
2 P3 Internal shape element | rotational parts and general rotational shape
features of non-rotational parts.

3 P4 Plane surface machining | Flats, slots etc.
Auxiliary holes and | Based on external machining.
4 Ps
gear teeth
This digit implies visual experience-based
s Pe Complexity characteristic quotation of the part on how it

is perceived in terms of complexity of
manufacture.

3.3 Identification of tool attributes

The identified part design attributes will serve to define the tool design and manufacturing
attributes. A system of tool design code has been introduced in this study. Based on group
technology (GT), these codes are developed starting from P7 to P23. Here, a multiple chain type
structure coding is developed and linked together for the manufacturing process and sequence
identification, hence a new type of a hybrid structure coding system is generated. The tool
design and manufacturing attributes are divided into the primary design attribute, the
manufacturing attribute, the associated manufacturing detail and costing. These attribute details

are shown in Fig. 5.
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Fig. 5 Detail of tool design and manufacturing attributes

The primary design attribute is composed of those components that affect the
manufacturing of the tool. Since the mould consists of a cavity that can be simply considered
to be the negative of the part being produced, the L/D (rotational), A/B or A/C (non-rotational)
ratio which is derived from the part class attribute can be supplemented to be the same as in the
case of a mould. Material needed to produce a mould is an important consideration that affects
the manufacturing planning, operations and costing attributes, directly influencing the part
being moulded. Hence the material is considered. The factor that influences the manufacturing
of the mould tool significantly is the number of cavities involved in the mould needed to
produce the parts. Therefore, the number of mould cavities is integrated into the GT code in
such a manner that increasing the mould cavities increases the costing component of the GT
code. Other significant parameters that are considered are type of mould, mould base and mould
classification. These components are based on the quantity of the parts and the process
requirement for the machine as the mould base orientation can be divided according to machine
feasibility into rectangular and round cross-sections. Depending on the volume the moulds can
be classified into prototype, production and high-volume moulds, which in turn would affect
all other GT code components including the material through to costing. The moulds on the
other hand can be further classified into the mould design which influences manufacturing; for
instance, the choice of having a two-plate mould or a three-plate mould will have different
requirements. If instead of a cold-runner system, a hot-runner capability is selected, then this
change adds to the manufacturing conditions influencing mould manufacture.

The manufacturing attributes of the tool deal with those aspects that will greatly affect
the manufacturing requirements as compared to the primary design attributes that cover the
design related characteristics of the tool produced. The parting line can be straight, stepped,
profiled and tapered, each with a specific machining requirement. The selection of an ejection
system that will be employed will have a separate machining requirement, such as ejector pin,
stripper plate, ejection sleeve, etc. and will involve different design and manufacturing
considerations. How a runner system (round or trapezoidal) is divided into sub-runner levels
(single sub-runner to multiple level) will be an important consideration as it would define the
milling requirement and will be influenced by the number of cavities to be filled in a single shot
cycle. Along with this the cold and hot runner systems will have different machining
requirements. If hot runner systems are selected, the tool cost increases as the machining cost
increases, however this change shows better repeatability and lower overhead costs. Cold
runners are mostly suitable for smaller quantity production and fast testing attributed to shorter
setup costs and higher flexibility. Selection of the gating requirement for the tool is also quite
critical as it would influence weld lines, flow lines, flow distribution and stress accumulation
in the part. Different gating would have different manufacturing requirements and once the part
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is produced from such gates, a gate scar is left when gate is removed, which would depend on
part topology, feature requirement and cosmetics. These components of the GT code will have
great influence on manufacturing variations between mould tool designs.

The next component of the GT code goes further into more detail regarding the
manufacturing aspects. The number of cavities, type of gating, runner system and material to
be used for injection moulding will define the size of the required vent. Moreover, the mould
surface finish defines the overall finish of the part being produced. The mould forming method
and the polishing method used have great influence in this regard. Once the part is produced, it
must be ejected from the mould, therefore it is to be cooled first. Temperature management in
the mould can be carried out by using water or a water/ethylene glycol mixture. Here, the main
concern is the presence of a chilling unit and the capability of the auxiliary temperature control
unit to accommodate the coolant. The coolant channel pattern can also play a key role in the
machining considerations. The selection may be based on the simple, simple level (plug inlet
outlet concept) and multi-level cooling circuit. The core cooling circuit and the cooling circuit
for cavity inserts may also play a role. A standard in this regard should be taken into the account.
Heating media such as hot water, steam heat and hot oil can be utilized in the temperature
control mechanism for the mould-heating and mould-cooling phases depending upon the
material and heating requirements of the part being made.

The costing attribute builds on the primary design and manufacturing attributes. The
costing is based on the selection of heat treatment requirements, complexity of the mould
structure and quality of the product produced. The method of heat treatment selection is based
on distortion in heat treatment (shape and size distortion), safety and depth of hardening on
mould steel and resistance to decarburization. The complexity and quality depend on the
manufacturer/customer input (design and manufacturing attributes) and the manufacturing
restriction database. The higher the selected level (Level 1 — Level 7) the more complex the
part and the higher quality, which leads towards higher costs.

All the components of the GT code come together with the design attribute of the part to
give tool design and manufacturing attributes which will be used to generate manufacturing
operations, sequence, cost and time impact rating and manufacturing criticalities, all of which
would be useful in the process of decision making. The developed GT code for the tool is
illustrated in Table 3.

Table 3 Developed tool design and manufacturing code

Code Code .
Position | Name Feature Description
Primary code: Design attributes

0 P Type of mould base The number §1gn1ﬁes the type of moulq ba§e for
the tool for circular or rectangular applications.
The number signifies the type of mould based on

1 Ps Mould classification production phase for which mould is being
made.

) Py Type of mould It depends on the type of mould based on part
requirement.

3 Pio Number of cavities It depqnds on the number of cavities decided by
cycle time.

4 L Material It depends on the material usgd for‘ cavities,
bases and runners and on corrosion resistance.

5 P L/D or A/B and A/C ratio It de?pends on whether the moulded part is
rotational or non-rotational.
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Code Code .
Position | Name Feature Description
Secondary code: Manufacturing attributes
It depends on the part produced, i.e. the decision
6 Pis Mould parting line for the mould parting is 1nﬂug1ced by easy
product removal and where critical geometry
lies on the part.
7 P Mould ejection system It depends on the production efficiency and
product quality.
2 Pis Level of runners It depends on the number of cavities and the
location of gates.
9 Pic Mould cavity gating Gating greatly mﬂuenc@ by internal detail of
parts and number of cavities
Supplementary code: Details of manufacturing attributes
This is related to the raw material to be used and
A Pis Mould venting ‘Fhe settmg‘o‘f a Ventlng value for that material,
i.e. machining requirement related to the
material
B Pis Mould surface finish It depends on the surface finish desired from the
mould.
C Pio Polishing The outer periphery characteristic
It is based on the processed material, mould
Mould temperature wglght and heat up time, quantity of the material
D P20 control being processed, mould temperature drops and
flow conditions. A control unit is selected based
on these considerations.
Costing code: Attributes of mould influencing costs
Complexity of mould The number signifies the structure of the mould
X P2 . . . .
structure and its associated complexity for manufacturing
v Py Product quality It depends on the desired quality of the required
product.
Heat treatment It is based on the required characteristics of the
V4 P23 . :
requirement finished product

The values for the above presented coding system (Pi1-P23) are derived from a table which
may vary depending on requirements of the user and the company based on the design and
manufacturing parameters of part and tool (die and mould). Hence, further details of coding
have been developed by combining the codes of the part and the tool. Fig. 5 presents a complete
description of all codes (P1-P23). A scheme of detailed codes is presented in Table 4. It is to be
noted that for each of the codes (P1-P23) the range of the number of descriptions (columns) may
vary, hence a different maximum index (a to w) is assigned to each row.
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Description
Code
1 2 3 4 5 6 X
0 P1 P11 P12 P13 P14 P15 P16 P1a
(%]
% 1 P2 P21 P22 P23 P24 P25 P26 P2,b
2 2 P3 P31 P32 P33 P34 P35 P36 P3¢
E 3 P4 Pa,1 Pa, Pa,3 Ps,a Pa,s Pa6 Pa,
E 4 Ps Ps,1 Ps,2 Ps,3 Ps,4 Ps,s Ps,6 Ps,e
5 Pe Pe,1 Ps,2 Pe,3 Pe,a Pe,s Pe,s Pe,
0 P7 P71 P72 P73 P74 P75 P76 P7g
9 1 Ps Ps,1 Ps,2 Ps,3 Ps,a Ps,s Ps,6 Ps,h
5 _ ; i} i} . . i} . .
Qo
j: - - - - - - - - -
[¢°]
6 - - - - - - - - -
o
[ . . . _ . . . . .
z P23 P23,1 P23,2 P233 P23,4 P23 5 P236 P23,w

Table 4 gives an idea of how to select values for Pi-P23 from Fig. 5. For instance,
depending on our design and manufacturing consideration, part code P4 has an attribute given
in column 4, hence code P44 is applicable and will be used as the 4 digit of the code which
would be the number of the column, which is 4 in this case. In this manner all the values from
P1-P23 (a snippet example can be seen at the end of the paper) can be derived from the

established table by the user or by an AFR system.

3.4 Identification of manufacturing process

The purpose of this part is to integrate the GT code developed for critical manufacturing
operations and integrate it into a particular manufacturing sequence. This part of the paper will
also include the operation details to ensure smooth manufacturing. Fig. 6 shows the step-wise

process for the selection of appropriate manufacturing operations.

Applied

description

Applied
operations
(database)

Manufacturing

criticalities
database

Matrix
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Sequenced

operations
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Fig. 6 Selection of manufacturing operations for tools
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The form code for the part corresponds to a certain description defining the restrictions
in the manufacturing. The form code contains information about the part falling into the
rotational or non-rotational category. The internal and external shape element may employ
different operations such as plane, face and straddle milling operations respective of their
geometric orientation. If the part is along an inclined angle, then the mould that is formed to
produce the part may require form milling and profile milling operations. If it is stepped along
with inclination, then the complexity of the part is increased. The presence of holes in the part
may require cores in the die for injection moulding applications. Greater detail will account for
increased complexity.

The form code for the tool accounts for primary design attributes of the mould and it has
a relative effect on mould manufacturing. The number of cavities plays a crucial role in the
manufacturing operation as in the case of a single cavity mould deep roughing can be carried
out with a low depth-of-cut machining in finishing operations. The mould parting line which is
non-flat, profiled or angled requires an extensive use of profile milling and angular milling.
However, a flat parting line does not need extensive machining but only plane and side milling.
The complex ejection system employs the use of EDM that essentially requires better mould
finish. The presence of more cavities and more gates at the cavities may directly influence the
choice of the runner level in the mould, which may cause an increase in machining operations.

Manufacturing restrictions are also included in the system which account for a certain
preset value in the GT code, when a restriction is imposed. For example, if the manufacturer
requires that the use of EDM be as low as possible, then certain limitations will be imposed on
the GT code so that only these options may be selected. This in fact helps the manufacturer in
selecting the manufacturing operations by taking cost and time into account and it also helps to
plan during the procedure of the initial part selection.

A manufacturing criticalities database
developed during the study includes a
multitude of inputs based on the

manufacturer’s identified constituents and
constraints. The prime identifiable aspects

Manufacturing
»peration parameters

that have a direct impact on manufacturing
are considered to be manufacturing operation
parameters, operation element planning and

identification and allocation, environmental Speration clemen

sequencing, manufacturing resource
o -(llld /

impact and conditions, tool geometry, cutting
fluids, energy saving aspects and optimum
force applications by the tool during
operations along relevant jig and fixture
related information that may be used for
performing the machining operation on the
tool. An illustration of manufacturing
criticalities databases is shown in Fig. 7.

Encrey saving and
force application

r\ Manulacturing restriction database

Jigs and fixture

Manufacturing
The resulting process operations can o
be integrated in the cost and time impact
factor rating system to produce a possible
outcome of the process. It helps the
manufacturer to decide what factors may
influence these parameters and to tweak the

factors during the selection phase. It also

Environmental
impact and
conditions

Fig. 7 Inputs for manufacturing criticalities database
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enables an optimum selection of process operations and their scheduling as well as a
development of a good production plan.

Every GT code will correspond to a unique identifier which relates to a certain set of
manufacturing criticalities which may be looked up in the database when that GT code is
entered. These criticalities help the planner or manufacturer to converge all possible domains
that may somehow affect the process. This kind of database in conjunction with the ES greatly
reduces the reliance on industry experts and specialists in the planning of complex tool
machining.

The established manufacturing database is concerned with manufacturing operation
process parameters such as feed, speed and depth of cut to be considered for each specific
machining operation. The established considerations refer to optimum outcome conditions for
available manufacturing resources. There can be certain criticalities with respect to the impact
which a machining process may have on the environment and also the effect of the environment
on the machining operation. An environmental consideration may be flow of chips and its
interaction with operators and how a control of such a case may be included in the database.

Tool geometry is also quite important for an efficient machining operation along with
cutting fluids (which include recommendation for possible lubricants and coolants). The database
includes recommendations for tool geometry for the manufacturing of a tool for good production
cases, such as what type and angles/dimensions to take into the account and what should they be
set at for the best possible outcome. Since the tool is a solid part, a necessary design practice is to
have some jig and fixture related information for machining, such as where to best position
locators and clamps, which will depend on its dimensions. Also, the database includes incentives
for effective energy utilization, such as process parameter and force application by the tool. The
associated collective database is an extremely large data set where the GT code value infers the
said recommendations stored in the database, which the manufacturer should follow for each
manufacturing operation to achieve the optimum and effective outcome.

3.5 Sequencing the operations

A system is set up to determine the sequences of operations by the matrix reduction
method based on GT code. The method takes manufacturing operations frequently applied in
the die and mould design and manufacture into account. A necessary precondition is set up for
each respective process. The matrix reduction method connects manufacturing operations to
their preconditions. The first element of the manufacturing process is the element that has no
preconditions. The activity that follows usually depends on the completion of the previous
activity (precondition is the previous activity). The process is repeated until all activities are
carried out (a snippet example can be seen at end of the paper). The process is very helpful in
sequencing the operations and determining the number of variants. The matrix reduction
method can be combined with the Gantt chart to result in a feasible schedule for a possible
optimized process plan for the manufacture of die and mould applications. The matrix reduction
method can be carried out using an algorithm on a computer or manually.

3.6 Determination of time and cost impact factor

The maximum percent average method is used in this study to determine an impact factor
rating for the manufacturing process. The research is built on the previous research on
enhancing injection moulding quotation accuracy [15]. A GT code corresponds to a specific
value for unit and its relative importance on manufacturing cost and time impact factor. The
maximum percent average method is used to assign an average value to each individual number
in the group technology (GT) coding system based on relative importance in terms of perceived
cost and time impact factor of the said number.
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As discussed above, a number of operations (OP1 to OPx) are selected by applying the
matrix reduction technique for each GT code (P1-P23) related to the part and tool attributes. To
determine the impact factor of time and cost, two data tables for the impact factors are generated
for each impact factor. Impact factor is assigned to each position in the operation element for
each unit of the GT code. The impact factor values are based on intuition (can be different for
different manufacturers) that makes the essence of ESs. To determine the impact factors of cost
and time, impact factor (IFxy.z) is allocated to each operation element based on experience
corresponding to a GT code. Here, the operation element is defined as the operation that will
be performed to manufacture the tool identified when the GT code is entered by either the AFR
system or the user. However, not limited to one GT code only, the machines can be re-called
for other scenarios. The IF values are followed by an identifier such as IF1 22 that corresponds
to P1 GT code (x=first digit of subscript), operations element 2 (y=second digit of subscript)
and GT code description 2 (z=third digit of subscript). A generalized impact factor table for
time and cost is shown as Table 5.

Table 5 Generalized impact factor for time and cost

OP; OP, OP. OPy
1 2 a 1 2 b 1 2 w
Py IF111 | IFy12 | IF1a,. | IFyaa | IFu21 | 1Fu22 | IFu2. | 1P | oo | o | | oo | TFixa | IFix2 | IFix. | IFixb
P, | IFau1 | IF22 | IFon,. | IFona | IF221 | IF222 | IF22,. | 1F22b | | | o | o | IF2x1 | IF2x2 | IF2x. | IF2xb
Py | IFs11 | IF312 | IFsn,. | IFsaa | IF321 | IF322 | IF32. [ IFsob | | | o | oo | IF3x1 | IF3x2 | IF3x. | IF3xb
IF.10 | IF a2 | IFa, | IFaa | IF.on | IF22 | IF2. | IF2p | .| | | .| IFox1 | IFx2 | IFx. | IFxpb
Pys | IF231,1 | IF231,2 | IFa31, | IF231a [ IF2320 | IF2322 | IF232,. [ IF2326 | o | | o | o | IF23x1 | IF23x2 | IF23x. | IF23x06

A maximum of each range corresponding to each operation element from each GT code
unit is extracted. For example, in GT code P, for operation OP1, has operation elements 1 to a,
hence a maximum impact factor would be searched within the limits 1 to a (row-wise). Within
the same GT code, for operation element OP2, the maximum impact factor would be searched
within its own range (1 to b). The sum of maxima for each GT code would be taken as follows:

a,b,..,.w

X, = Z max(1Fy, ;). ()
x=1

where ‘x’ is the index for the GT code starting from 1 to 23 (P:1 to P23). The sum of all
added maximum impact factors of the GT codes are given by

23
A= z X,. )
x=1

Now, the summation of actual impact factors for the process element will be taken. Actual
impact factors for the process element that correspond to the GT code are those which are
selected based on the part form code and the manufacturing code. Here, the sum of impact
factors within each GT code can be given by;

ab,...w
Vo= ) IRy, G)
x=1

The sum of all added impact factors of the GT codes is given by:
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23
B = Z Y, . 4)
x=1

A percent impact factor is derived by dividing the resulting value (B) by the final summed
maximum value (A) to signify a comparative importance of the part in time and cost scenarios.
Mathematically it is given by

B
Impact factor for time or cost = " x 100. %)

A range is set that corresponds to low, medium and high impact factor based on the impact
percent range, i.e., 0-100. This range helps to distinguish the part for a particular GT code
thereby completely connecting a geometric part to the manufacturing cost and time. The impact
rating can be viewed on the impact meters developed for both cost and time for fast decision-
making support and the study of the variability of the GT code on final impact rating in the ES.
The meters developed (shown in Fig. 8) are as follows for decision support which can be
modified depending on the requirement.

Cost percent impact meter Time percent impact meter
0 100 0 100

Fig. 8 Impact factor meters for decision support

Fig. 8 shows the developed meters based on the discussed algorithm, each with three
specific regions, namely, green, yellow and red. These regions define the level of decision-
making feasibility with green going towards the higher end and the lower end being towards
the red region. The pointer (in black) moves in reference to the time and cost impact rating. The
more the pointer is inclined towards the red region the more critical the part and tool become
in terms of the cost and time scenario. Decisions have to be taken depending on the respective
position of the pointer. Table 6 presents quantitative ranges of the meter region and
recommended decisions. These can be set up to suit the requirements of the industry.

Table 6 Description of cost/time impact meter

Recommendation Percentage Region colour
Most feasible region 0-25 Green
Moderately feasible region 25-50 Yellow
Infeasible region 50-100 Red

3.7 Manufacturing restrictions analysis on decision

Manufacturing restrictions are also applied to cater for the need of robustness in the
process planning. At this stage, process planner can provide certain restrictions to re-process
the process planning to reduce the time and cost impact factors if these are higher than the
requirement. In the case of time, the effect of the restriction becomes more extended as the
selection of a normal condition for time will result in a direct implication on complexity and
quality. However, if fast production is desired, only low or medium quality and complexity
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parts can be produced. In this way, time will result in a restricted selection for complexity and
quality, which will in turn restrict the selection of the GT code components. In the defined
condition, the study here also addresses the problem of imposing restrictions and their effect on
the entire process planning of the mould technology. The developed algorithm can be
considered to give a decision based on sensitivity of the imposed restrictions. The restrictions
can be applied using the data provided in Table 1. Fig. 9 shows the manufacturing restrictions
and their conditions.

EDM :

Low -—

J—_: Quality ol ——————

Yy ¥

Normal | —
—  Medi
_ > Complexity |. . Ga
Time T
Fast |[— —
» High

Fig. 9 Manufacturing restrictions with implications on EDM usage and time connected with quality and
complexity in process planning cycle

4. Application

To illustrate how the ES works, a bracket is taken as reference part. Manufacturing
restrictions are imposed to study the effect on the result. A GT code is derived based on the
design and manufacturing attributes of the part and the tool. The resultant GT code generated
manufacturing processes, criticalities and the sequence that needs to be followed, along with
time and cost impact rating.

The step-wise execution of the MTES algorithm provides a better illustration of how the
ESs works.

Step 1: The ABS-based bracket part is decided to be manufactured by plastic injection
moulding using dies and moulds. Fig. 10 shows the geometry of the bracket.

Fig. 10 ABS-based bracket
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Step 2: The manufacturing criticalities are defined as low usage of EDM, low complexity,
low quality and normal production time (refer to Table 1 for details).

Step 3: Using the Opitz code, the group technology (GT) code for the part is selected
based on the geometry of the bracket, which is illustrated in Table 7. The form code of the part
is 644253.

Table 7 Form code of the part

Code Description
A/B<3 A/C>4

Functional groove

Surface plane and/or curved in one direction, external

Axial and/or radial and/or other direction

6
4
4 Functional groove
2
5
3

Level 3

Step 4: The form code of the tool is selected using the developed system for the given
geometry of the bracket. Table 8 presents the selected code of the tool, its manufacturing and
detailed codes and their description.

Table 8 Form code for the tool

Code Description Code Description
1 | Rectangular cross-section 1 | Flat (parting line)
1 | Prototype mould ) Ejection pin on sliders

2 sliders per part for ejection

Level 3 (three level runner
system)

1 | Two- plate mould

Form code

Q
.=,
S
>
8
1 | 2 (number of cavities) é 2 | Tab gating
3 | 2711 (tool steel material) %
6 | A/B<3 A/C>4 z
> 3 | Acrylic (0.0381- 0.0508 mm) _dé Level 3 (low complex)
g % 3 | A3/BI (;)D Level 3 (low quality)
§ ©|4 | 5000-10000 rpm final polishing | .5 Level 3 (moderate heat treatment)
z 1 | Standard guideline 3

Step 5: When entering the GT code for planning consideration is asked from the user
regarding the time aspect required for the process. In this study, the following processes and
preconditions were taken into account and the matrix reduction method was employed (refer to
Table 9).
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Table 9 Sequence of operations considered in the study

Manufacturing | Precedence Manufacturing | Precedence

S.No. operation constraint S-No. operation constraint
1 Plain milling 16 11 Die sinking 8

2 Face milling 1 12 Boring 14

3 Side milling 2 13 Reaming 12

4 Straddle milling | 1 14 Drilling 18

5 Angular milling | 2, 6,4 15 EDM 11

6 Gang milling 1 16 Grinding 0

7 Form milling 3,5,6 17 Polishing 19

8 Profile milling 8 18 Superfinishing | 15

9 Helical milling 0,8 19 Heat treatment | 20

10 Thread milling 13 20 Coating 10

Step 6: The matrix reduction shows three sequences which the manufacturer may follow
towards part completion. Sequences were associated with time dependence to link the
sequencing with the time dependence scenario in the GT code. Table 10 presents three possible
combinations of manufacturing operations.

Table 10 Possible sequence of operations derived from matrix reduction method

No. | Sequence 1 Sequence 2 Sequence 3

1 Grinding Grinding Grinding

2 Plane milling Gang milling Straddle milling
3 Face milling Angular milling Angular milling
4 Side milling Form milling Form milling

5 Angular milling Profile milling Profile milling
6 Form milling Helical milling Helical milling
7 Profile milling Die sinking Die sinking

8 Helical milling EDM EDM

9 Die sinking Drilling Drilling

10 | EDM Boring Boring

11 | Drilling Reaming Reaming

12 | Boring Superfinishing Superfinishing
13 | Reaming Thread milling Thread milling
14 | Superfinishing Coating Coating

15 | Thread milling Heat treatment Heat treatment
16 | Coating Polishing Polishing

17 | Heat treatment

18 | Polishing

Step 7: The sequence number is generated based on the input restrictions and the GT
code derived by the matrix reduction algorithm. The cost and time impact factors are generated
using the established formulae. Figs. 11 and 12 show the determined impact factors of time and
cost. The cost impact rating in this case is 58.38 and the time rating is 53.17. So, the part would
incur a moderate cost and resource (machine and time) requirement.
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Cost meter Pointer
Start 0|Value(Cost) 58.38150289
Initial 25|Pointer 2|
Middle 50|End 139.6184971
End 25
Max 100
Time meter Pointer
Start 0|Value(Time) 53.17185698]
Initial 25[Pointer 2
Middle 50|End 144.828143)
End 25
Max 100
Sequence 1
number

Fig. 11 Generated impact factors of time and cost (taken from ES)

Cost percent impact meter Time percent impact meter

Y XY

Fig. 12 Time and cost impact meters for tool (generated from ES)

The cost and time impact meters help in decision making (red region denotes high time
and cost requirement). Fig. 13 shows the mould developed using the CAD software.

Fig. 13 Model mould for bracket

The details of the manufacturing processes that will be employed to produce the tool for
the bracket along with their criticalities are presented in Table 9 as output of the ES. The table
only mentions the processes that have criticalities associated with the manufacturing processes.

Table 9 Manufacturing criticalities for bracket derived from algorithm

S.No, | Manufacturing | o alities
processes
1 Plain milling Employ minute plane milling for roughing purposes.
Roughing then finishing followed by end mill operation for
slot mill.
Roughing on the plane side only.
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S.No.

Manufacturing
processes

Criticalities

Customized as per requirement.

Machining (M/c) level increases (Decrease depth of cut (d.o.c)
and increase speed).

Roughing followed by finishing by end mill.
Employ minute plane milling for roughing purposes.
Plain milling decreases with an increase in complexity.

Roughing lower with reduced (statistical process control
(SPC) tolerance.

Face milling

Employ minute face milling for finishing purposes.

End mill operation for slot mill.

Finishing on the plane side only .

Customized as per requirement.

M/c level increases (Decrease d.o.c and increase speed).
Finishing operation low d.o.c.

Employ minute face milling for finishing purposes.
Face milling increases with an increase in complexity.

Side milling

Employ minute side milling for roughing/finishing purposes.
End mill for slot milling.

Employed for finishing process.

M/c level increases (Decrease depth of cut (d.o.c) and increase
speed).

Side milling for feature.

Employ minute side milling for roughing/finishing purposes.

With increasing levels of complexity machining costs
increase.

Straddle milling

Slotting with equidistant spacer straddle mill.

Depends on whether equidistant parallel surfaces are to be
machined.

High complexity increased straddle milling.

Angular milling

Angular v-notch - double angle cutter.

Gang milling

Slotting with equidistant spacer end mills.
High complexity increased gang milling.

Form milling

Convex/concave/corner rounding milling cutting geometry.

Profile milling

Surface plane and/or curved in one direction, external by end
mill.

Profile mill by end mill cutter.

With increasing levels of complexity machining cost
increases.

Helical milling

Groove made by specially formed milling or double-edged
milling cutters.

10

Die sinking

Low die sinking use for finishing operation only.
Die sinking decrease with increasing cavities.

126

TRANSACTIONS OF FAMENA XLV-4 (2021)



A Novel Method for Process Planning for Die and H. Ur Rehman, F. Boor,

Mould Manufacturing Using Expert System Approach M. Wasif, S.A. Igbal
S.No, | Manufacturing | ¢, alities
processes

11 Boring Boring tool smaller than required diameter. Look for line
boring or back boring.

12 Reaming Reaming tool smaller than required diameter. Look for
adjustable/straight/rose/shell/tapered/combination reamer.

13 Drilling Drilling tool smaller than required diameter. Look for

spot/centre/deep hole/micro/vibrational drilling.

14 EDM Low EDM use for finishing operation only.

Look for considerations (number of parts, surface finish,
cooling, cycle time, etc.) for hardened (S-7, H-13, 420
stainless steel) and pre-hardened tool steels that are composed
of P-20 and mod pre-hardened stainless steel.

EDM process with parameters derived from material standard.
See standard for material.

EDM process depends on the gating point desired on the final
part and the cavity position as well as level of gating.

15 Grinding Minute grinding for deburring.

Before roughing for deburring operation only.
Minute grinding for deburring.

16 Heat treatment Quenching along with tempering.

5. Conclusion and directions for future research

The study combines design attributes, manufacturing attributes, imposed implications,
and manufacturing restrictions for mould manufacturing. A coding system is presented that
links manufacturing processes, some descriptions and sequence of operations with their
resultant time and cost impact. Therefore, the study provides a platform for cross-examination
and elaboration at the whole production level to develop a suitable process plan based on the
optimization algorithm. Time and cost analyses are also performed for the process plan, which
provide an insight into the feasibility of the processes so that the plan can be optimized in line
with the customer demands.

The result of the study is a well optimized scenario for faster process planning of die and
mould manufacture for moulding applications. The study presents the significance of a
combined approach to process planning. Rather than the traditional approach where the
planning activity happens after going through each respective information hub, this study
presents an idea of making a collective ES that includes all that information. This helps in
making faster and more accurate decisions.

The work provides a system called MTES (Mould Tool ES) that contains feature
identification and classification by group technology codes coupled with manufacturer-oriented
restrictions. The system integrates the code developed to include tool and part design and
manufacturing attributes. This system then proceeds with manufacturing operation
identification, operation sequencing and time and cost impact rating. Manufacturing process
criticalities are also integrated to enable a feasible decision.

The developed system is adaptable and has a capability of expansion to suit the
manufacturer’s needs. For instance, the GT code for part and tool can be expanded or modified
to suit the offered functionalities. However, further work needs to be done to make the system
more compatible with evolving mould requirements, e.g., when very intricate profiling is
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necessary or when further detailed defining of a feature is required. A sub-level system for each
individual feature needs to be defined. Furthermore, with the changing horizon in
manufacturing the need for digitalization of information and using the information to direct a
behaviour, e.g. in self-configuration facilities or multi-agent based systems, is becoming more
significant. So, further research can be done in such cases.
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