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ABSTRACT

The process planning for 212D pocket machining generally considers the geometry of 2D pocket as a primitive
machining feature. But the non-unique mapping of the geometry of 24D pocket to the machining steps introduces
ambiguities in the design and planning phases. Process planning consists of different tasks, such as Tool
Selection, Tool Path Generation and Machining Parameter Selection, with individual research issues. Most of the
prior research effort treats optimization of each task as isolated research topic. Only few attempts had been made
to generate the complete process plan by integrating the optimized tasks, that too in a sequential manner. 1t is
well known that the cutting process geometry and kinematics link the different tasks together through the process
parameters, like cutting tool diameter, cutting depths etc. In this paper, a “Novel Integrated Process Planning
Framework” is proposed to simultaneously optimize all the process planning tasks for different elemental
Seatures. To avoid any ambiguity between the part design and process planning phase, the geometry of 2D
pocket has been separated into Elemental Machining Surfaces (EMS): Bottom, Wall and Corner. This separation
allows representing the 22D pocket machining as a well defined problem where all the planning tasks for each
EMS are considered together to generate the entire process plan. The framework incorporates a bottom-up
integration approach, where the planning tasks for each EMS are simultaneously optimized at the bottom level.
Plans for different EMS are integrated at a higher level to obtain the optimal process plan for the entire 2%D
pocket. Integrated process planning of other machining features as well as higher levels of planning can also be
generated by the proposed framework. The proposed framework approach avoids the use of complex algorithms
and associated high computation costs by carrying out the integration of the process plans at different levels by
Jacilitating the optimization of a manageable number of parameters with meaningful physical basis.

1. INTRODUCTION

It is estimated that yearly millions of tonnes of chips are generated by the pocket machining operation, in aircraft
industry alone. This has resulted in 2D pocket being one of the most significant primitive features [1] for
machining applications. Thus the process planning of 2}4D pocket machining is of great importance for researchers
[2] where the primary objective is to minimize the machining time and subsequently the machining cost. The review
[3] of the literature on process planning of 2}4D pocket machining suggests that considering the 24D pocket as the
primitive machining feature with non-unique mapping of the geometry to the machining steps introduces
ambiguities in the design and planning phases. The study identifies different process planning tasks being Tool
Selection (TS), Tool Path Generation (TPG) and Machining Parameter Selection (MPS). But in most of the prior
research effort treats optimization of each task as isolated research topic with few attempts to integrate them that too
in a sequential manner. It is well known that the cutting process geometry and kinematics link the different tasks
together through the process parameters. This suggests the need of the integration of the planning tasks.

The word “Integration” had been loosely used in the process planning research, but can be defined as the
combination of different process planning tasks to generate a complete plan. In the context of process planning, the
success of the complete plan will depend on its productivity and efficiency. This brings in the need of simultaneous
optimization of the different planning tasks to generate a complete optimal plan. Due to low numbers of research
work in the area of integration of process planning dedicated to 2}4D pocket machining, the work reviewed in this
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section addresses generic research issues and challenges in integrating the process planning for milling operation.
Ostafiev et al. [4] sequentially optimized tool path, tool geometry and machining parameters to minimize the
machining time and reported an improvement in the machining time of 1.5 times, even for a simple pocket
geometry. Lim and Menq [5] integrated geometrical and machining parameters to reduce the machining time by
80% for turbine blade [6] and also included an approach to compensate the machining error [7]. Feng and Su [8]
proposed simultaneous optimization of feedrate and tool path for 3D plane milling and found that the minimum
machining time may not correspond to the shortest tool path length, as otherwise concluded by most of the
sequential optimization approaches. In another work [9], the feature recognition had been combined with machining
planning to obtain optimal plans. To facilitate the handling and processing of large volume of information required
to integrate the process plans, researchers have proposed knowledge base [10], Artificial Intelligence [11],
standardized data exchange format [12] and case-based approaches [13, 14]. Several application tools are available
for a variety of machining features with different interpretations and approaches of “Integration”. In Computer-
Integrated Process Planning and Scheduling [15], researchers “Integrated” basic machining tasks as well as the
scheduling tasks, focusing on feasibility rather than optimizing the selection of machines, tool and their sequence. In
Sequential and Tool Oriented Process Planning [16], elemental features were sequentially recognized and feasible
plans were generated to machine them. A feature based process planning tool has been proposed to integrate the
information flow between design, planning and machining phases with the help of software agents [17] and
combining individual process planning tasks [18].

Prior work in integrated process planning reveals that although several attempts have been made to integrate the
planning tasks, but their optimization has been partially addressed. This may be accounted [19] due to the
requirements of complex algorithms required to optimize large number of geometrical and machining parameters,
the associated non-unique solutions and the required trial and error based machining experience. Thus the integrated
optimization of both geometric and machining parameters will necessitate a robust [15] and complex “holistic”
method [18] which can optimize large volumes of information in a systematic manner [16].

In this paper a novel Integrated Process Planning Framework has been proposed towards a systematic integration
of the process planning tasks for 24D pocket machining and their interrelated parameters. The framework
incorporates the decomposition of the geometry of the 2)4D pocket into elemental machining features such that each
of them corresponds to unambiguous process plan. The framework facilitates the simultaneously optimization of the
pertinent process parameters in a structured manner to generate an optimized process plan rather than sequential
combination of locally optimized planning tasks. This is achieved b a bottom-up integration approach, where the
planning tasks of each elemental features are integrated at the bottom level and plans for different elemental features
are integrated at a higher level.

2. INTEGRATED PROCESS PLANNING FRAMEWORK

From the above discussion, it can be concluded that any attempt to integrate the process planning for even a
simple machining feature like 24D pocket will involve a multi-variable optimization with large number of process
parameters. This will not only be computationally expensive but require complex algorithm, and may not be
convenient for contemporary commercial computing systems. Thus the multi-variable problem needs to be
simplified such that manageable number of parameters is optimized in a systematic manner and also with a
meaningful physical basis. For this purpose, a novel Integrated Process Planning Framework has been proposed and
it has been discussed in details in the following sections.

2.1 OBJECTIVES

Well-defined: The correspondence of the geometry of the machining feature to the planning tasks should be
unambiguous. Thus the machining of the feature can be posed as a well-defined machining problem with all the
pertinent process parameters identified.

Global Plan: The plan should include all the pertinent process parameters of the planning tasks optimized under
global machining constraints and objective. This would necessitate the iterative regeneration of the entire plan until
no further optimization of the objective function can be done.

Multi-variable Optimization: The integration would require multivariable optimization, which may be difficult
to solve due to complexities of the entire process planning and may lose the physical meaning. For this purpose, the
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optimization of the planning tasks is simplified such that manageable number of process parameters is optimized
with a meaningful physical basis.

2.2 REQUIREMENTS

Elemental Features: To avoid discontinuities between the design and the planning phase, machining features
are required to have explicit mapping to the process planning tasks. Such features should be elemental in nature,
containing the basic geometric as well as machining information.

Links: Process Planning tasks of the elemental features are linked to each other by the cut geometry and cutting
kinematics. Moreover if more than one elemental feature is required to represent the machining feature, the different
elemental features should also be linked to each other. The parameters involved in the above links are required to be
identified as well as optimized.

Structure: Integrated process planning would require the process planning tasks for the individual elemental
features and the different elemental features should be optimized in a structured manner, based on valid physical
basis.

3. ELEMENTAL MACHINED SURFACE

Ambiguities arising from the multiple interpretations of machining feature in terms of machining plans lead to
discontinuities in the design and planning phases. Thus as mentioned earlier, the novel Integrated Process Planning
Framework, should be based on primitive machining features, with one to one mapping of machining features to
planning steps. As a machining feature contains both geometric and machining information, thus defining an
elemental feature with the basic levels of the both the information, should be able to explicitly map the machining
feature to process planning tasks. In this work, the concept of Elemental Machining Surfaces (EMS) has been
proposed which is defined as the surface generated by a flat end milling tool in a single cutting movement. A surface
and a single tool movement are both basic geometric and machining entities which would make EMS an extremely
competent candidate for being the primitive machining feature of Integrated Process Planning as follows,

Bottom: It is the horizontal surface created by the cutting edge of flat end-mill when the tool sweeps area within
a predetermined boundary. A constant axial depth is used along with a constant or consistent radial depth, as shown
in Figure la. The tool with diameter D® follows a certain cut pattern within the Bottom boundary, which is
determined by offsetting the pocket boundary (/xw) by a distance d,, , defined as the material to be machined during
the Wall machining. It may be required to take several axial passes (#” ) which makes the cut pattern to be repeated
at several axial depths, as shown in Figure 1a. The feedrate ( £, ) and the path interval (&) are selected such that the
machining time is minimized as Bottom machining contributes to most of the pocket machining time.

Wall: It is the vertical surface machined by the peripheral helical cutting edge of the flat end-mill with constant
axial and radial depth, without any change in the cutting direction, as shown in Figure 1b. It is the next step after
Bottom machining, where the material left by Bottom machining becomes the material to be removed during Wall
machining (4 ) is removed to generate the Wall. The tool with diameter DY may require several axial passes (n¥)
to machine the entire height (/) of the Wall, which needs to be optimized along with the feedrate ( f,” ) such that
the resulting machining accuracy is within the tolerable limit (g) in minimum machining time.

Corner: It is the vertical surface machined by the peripheral helical cutting edge of flat end-mill with a constant
axial and constant or varying radial depth, with continuous change in the cutting direction, as shown in Figure 1c.
The tool diameter, D€ can be selected based on the inside radius () of the pocket geometry. The material to be
removed by Corner machining (d< ), is the function of D" and r. The number of axial passes (#¢ ) required as well
as feedrate ( f,°) are optimized such that the variation in the cutting force is kept within a range such that the
machining accuracy is under tolerable limit (€), in minimum machining time.

As shown in Table 1, the 24D pocket is represented as four alternating Walls (W) and Corners (C) connected to
a common Bottom (B) surface. Modifying the adjacency relationship and the number of EMS, different machining
features like blind step, blind slot and blind hole can also be represented. The table also justifies the selection of the
22D pocket as the machining feature in the current work, as the other features are its subset and the proposed
integration framework can also be applied to them. Thus the machining of the individual EMS can be posed as a
well-defined machining problem. Given a tool diameter (D), pocket geometry (/xwxh) and tool-workpiece
properties, the pertinent process parameters like path interval, cutting depths, feedrate etc. can be determined as well
as optimized to achieve the objective function of minimizing the machining time or cost under the constraint of
machining accuracy.
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Table 1: Representation of machining features with EMS
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4. LINKING

As discussed earlier, the process planning tasks of TS, TPG and MPS for a machining feature are linked to each
other through the cut geometry and the cutting kinematics. Thus for each EMS, it is important to identify the
parameters linking the different tasks from the knowledge of 24D pocket machining. The tool geometry (TS) is
linked to the number of axial and radial passes (TPG) and the cutting depths and feedrate (MPS). Similarly the cut
pattern and number of axial and radial passes (TPG) are linked with the cutting depths and the feedrate (MPS).

The next linking exists between the different EMS such that they can be represented as the entire 2D pocket.
This linking can be obtained by considering the order of machining the EMS. Bottom machining is the first step of
pocket machining, and definition of the material to be removed is obtained by offsetting the boundary of the pocket.
In the next step, the Wall is machined, where the material to be removed is defined by the material left behind by the
previous step of Bottom machining. Again the material to be removed in the next step of Corner machining is
defined by the material left by the Wall machining. Thus the parameter, material to be removed (MR) forms the link
between the individual EMS. Although the value of the parameter may be different for the similar EMS based on the
cut pattern followed, never the less the linking still holds. The above linking are incorporated at separate levels of
integration in the structure of the framework, which will be discussed in details in the following section.

5. STRUCTURE

The structure of the novel Integrated Process Planning Framework, as shown in Figure 2 facilitates the multi-
variable optimization of all the process parameters pertinent the process planning of 24D pocket machining. It
considers manageable number of variables at different levels with physical basis, rather than simply considering all
the variables together. The structure incorporates a bottom-up integration approach by linking of the process
planning tasks for a particular Elemental Machining Surface at the bottom level and then linking the plans of each
EMS at a higher level to generate the process plan for the entire 2}4D pocket. At first, the planning tasks of TS, TPG
and MPS of individual EMS are considered, and it results in the integration at the elemental level, called the EMS
Level. At this level, the TS is not performed for individual Elemental Machining Surface but performed collectively
for the similar EMS. In the next level, the process plans of different EMS are considered and it results in the
integration at a higher level called the Feature Level, which generated the process plan for the entire machining
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feature. The levels of integration for 24D pocket machining have been discussed in more details in the following
sections.

.-"..
Machining
Feature

T Bottom Wall Corner
EMS Feature
Level Level

TS: Tool Sclection; TPG: Tool Path Generation; MPS: Machining Parameter Sclection; EMS: Elemental Machining Surfaces; M R: Matcrial to be Removed

Figure 2: Structure of Novel Integrated Process Planning Framework

Although the EMS concept has been introduced in this work, but the review of the available literature on 2}2D
pocket machining can be used to study the research issues of the EMS. In most of the work, all the EMS has been
addressed in a combined fashion, the Bottom being most frequently been addressed. The complexities of Corner
machining necessitate its individual recognition but the Wall machining with rather simpler research issues is
considered a part of Bottom machining. Thus the need of distinguishing each EMS and distinctly defining their
research issues and machining requirements is imperative for the integrated approach.

5.1 EMS LEVEL

This level of integration includes simultaneous optimization of TPG and MPS and for individual EMS, indicated
by the shaded regions shown in Figure 3. Although, TS is considered but it is performed collectively for similar
elemental features and thus optimized at a higher level. The well-defined optimization problem for each EMS is
formulated at this level. For a given tool diameter (D), material to be removed (d,,) and the intrinsic properties of the
pocket (geometry: /xwxh; accuracy: ¢); the parameters of feedrate (f;) and the number of axial (n,) and radial (n,)
passes are selected and optimized. For a particular cut pattern (CP) the path interval () is calculated based on the »,
and radial depth of cut, and n, is directly related to the cutting depth and form the link between MPS and TPG.
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Figure 3: Integration at EMS Level
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5.2 FEATURE LEVEL

At Feature level, the process planning for individual EMS are integrated by linking the process parameters of TS
and material to be removed (MR), indicated by shaded regions and shown in Figure 4 and subsequently optimize the
associated parameters (D and d,,) to generate the process plan for the entire 24D pocket. The tool diameter (D)
selected for similar EMS and the material to be removed (d,,) links them with the machining feature and with each
other respectively. As discussed earlier that the material left behind by the Bottom machining becomes the material
to be removed for the Wall (d”), the material left by the Wall becomes the material to be removed for machining
the Corner (d<). Thus the parameters optimized are material to be removed and the tool diameters. The tool
diameters for Bottom and Wall may be the same as Wall machining can be considered as an extension of Bottom
machining. But for Corner machining, the tool diameter is dependent only on the inside radius () of the pocket
geometry and the tool diameter for Wall. The input information at the Feature Level is the intrinsic properties of the
pocket (geometry: Ixwxh; accuracy: €) with an objective of machining the entire pocket within tolerance limit (&) in
minimum time. An optimal plan for the entire pocket is obtained by carrying out optimization in EMS and Feature
levels until no further improvement of the objective function can be done. Adjustment of any parameter would
require the regeneration of the optimal plans both at the EMS and the Feature level.
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Figure 4: Integration at Feature Level

6. DISCUSSION AND FUTURE DIRECTIONS

In this paper, a novel Integrated Process Planning Framework has been proposed for 242D pocket machining.
Instead of considering the 2/2D pocket as a primitive machining feature, it has been decomposed into EMS. The
machining of each EMS, Bottom, Wall and Corner has been posed as a well-defined machining problem thus
obtaining explicit mapping to process planning tasks. The framework incorporates a bottom-up integration approach
by simultaneous optimizing the planning tasks of individual EMS at the bottom called EMS Level and optimizing
the different EMS to generate the entire plan for the 2%D pocket at a higher level called Feature Level. The
structure of the framework facilitates the multi-variable optimization to be performed at different levels with
manageable number of variables with a physical basis.

The novel integrated framework can be extended to 3D pocket by incorporating a curved Wall and Bottom
surfaces. Modifying the number of elemental features and their adjacency graph, the integrated framework can also
be used for different machining features. Moreover, the framework can be extended to include higher levels of
process planning integration like Set-up, Part and Product Level. The integration of process plans at the Set-up Level
would include the fixturing issues of machining multiple features in a single set-up. At the Part Level, machining
with different set-ups and/or machine tools would be addressed requiring tasks like scheduling, routing, etc., where
as for Product level tasks like assembling could be incorporated. Business planning objectives can also be included

at a higher level of integration.
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Apart from the challenges reported for other integrated approaches [16, 18 and 19], the novel integrated process
panning framework will require adequate process knowledge to define each process planning tasks, pertinent
process parameters and their links. End-milling may be one of the simplest milling processes still its planning
complexities will require significant amount of information to be handled. To obtain guarantee globally optimal
plans with minimum machining time, the iterative regeneration of the process plans may be computationally
expensive but will avoid sequential combination of locally optimized plans.
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