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A study of process planning for metal cutting

Staffan Anderberg

Department of Materials and Manufacturing Technglog
Chalmers University of Technology

Abstract

Process planning as a function for competitivenessften neglected. However, as an
intermediary between product development and matwiag, it holds a key function in
transforming product specifications and requirersenito a producible process plan.
Demands and requirements should be met concurrastiyanufacturing costs and lead times
are minimised. The focus of this thesis is theadgirocess planning, where the use of better
methodologies, computer-aids and performance meamsnts are essential parts. Since
process planning has the function of transformimgnands and requirements, changing
customer and regulative requirements are vital égard. Since environmentally benign
products and production increases in importaneerdbearch presented in this thesis includes
a CNC machining cost model, which relates machirgagts to energy consumption. The
presented results in this thesis are based on itatarg and qualitative studies in the metal
working industry.

This thesis has contributed to an enhanced unaeis@ of process planning to achieve
better performance and important areas for imprardgm Despite a 50 year history of
computerised process planning aids, few of theseuaed in the industry, where manual
process planning activities are more common. Psopésnning aids should be developed
around the process planner so that non-value addrutgities, such as information
management and documentation are minimised in dad@tlow more resources for value
adding activities, such as decision making. Thesith presents a study of systematic process
planning in relation to perceived efficiency. Thugrrelation could however not be verified,
which opens up for further studies of other possibkplanations for process planning
efficiency. Process planning improvements in thaustry are difficult to make, since there is
little focus on process planning activities andited knowledge about actual performance
hereof. This means that measures taken regardotg$ss planning development are difficult
to verify.
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1 Introduction

1.1 Background

Due to the extensive technological development om@utational Fluid Dynamics (CFD),
component solutions are generated that enforce Wyt demands on the employed
manufacturing processes. One example is doublyedublades to the fan, compressor and
turbine parts of a jet engine. A BLISK (BLaded dISiK made from one solid workpiece
where each disk blade is formed by milling operaioThe result is a complete BLISK (fan
or compressor) in one piece, compared to the tomdit manufacturing technology where
each blade is mounted (welded or screwed) on thé&eceshaft. The result is a fan with
enhanced lifetime, lower weight, and less tendefacyimbalances and vibrations. In an
aeroplane jet engine this can reduce the fuel copsan. The increased process planning
complexity that the BLISK technology imposes ermgreased geometric complexity, surface
tolerances and reachability problems during maakinin combination with machine
configuration and clamping, creates a need for awgd process planning working
methodologies. Efficient product realisation regaitarge quantities of information regarding
machine tool, cutting tool selection, machininggmaeters, machining strategy and clamping.
The parameters defined and decisions made durogegs planning to a great extent dictate
the productivity and cost efficiency of the machmprocess.

Central produktionsteknik (production technologyhich is the department that handles the
process planning in Volvo Aero Corporation in tagaidploys 121 persons. In a company with
2300 employees, this is a considerable part. Caresgly, it is important to ensure that
processes are carried out efficiently. Furthermprecess planning for a major aerospace
component is very resource intensive, not only beeahe aerospace industry is obliged to
provide documented product performance and guarartaceability of individual
components with respect to the manufacturing pscest also because the materials are
difficult to machine and errors are costly etc.

Figure 1.BLISK

CNC was one of the most important developmentsHermanufacturing industry in the 20
century. It is an enabler for mass production al$ agesmall series production of almost any
geometrical shape. However, one of the major drakdbaf CNC machining is the CNC



programming, which requires skilful programmers,owtot only should manage CAD/CAM

or NC programming, but also have extensive knowdedgout machining (Yeung, 2003).
Machining knowledge includes knowledge about toelestion, machining parameters,
vibrations and cooling etc. Whereas tool pathstt{m form of NC code) can be generated
efficiently by most CAD/CAM systems, the technolcgi preparation often is tedious and
requires much data, information and decisions abknefficient machining processes.

Process planning is often seen as an art and retience(Halevi, 2003). As a consequence
there is little uniformity of working methodologieshich means that two process planners
will probably not deliver the same process plan dogiven part and set of requirements,
although both plans may fulfil specified requirensenModern technology has radically
changed the required human skills. Due to the nmaedlectual activities involved in many
jobs, the need for strength and motor performarase lbecome less important. Intellectual
skills such as judgement and decision making hag®ie crucial human elements (Slovic,
1982). Today, due to a shift from more labour iseework (blue-collar) to more intellectual
work (white-collar), human productivity is becomimgore and more a matter of efficient
information processing and decision making (How#&B82). The productivity of today’s
society is as a consequence of aforementionedndage more on cognitive processes than
on physical power of individuals. The main reseagtfort in the area of lean production has
been put into the physical production itself, wlasrdess attention has been paid to the
leanness of the production planning phase. The iitapce of also including engineering
work into account was studied by Ref. (Murgau, dsisan et al., 2005), where the interaction
between physical work and information handling staslied.

1.1.1 The importance of process planning

The design phase often comprises a smaller patteoflirect product cost compared to e.g.
material and manufacturing costs. However wherpdtential for cost saving and efficient
production is regarded its total influence on sglsat activities is crucial for the total cost
(Figure 2). The design phase not only consist @figieand engineering work related to
product development, but also include productiott process planning/design, which have a
similar relation to the total product cost. Morendéi and resources invested in process
planning will have influence on manufacturing caste and similarly the total product cost.
This may be of less importance for small/singlecbahanufacturing, but with the increase of
batch size, this will gain in importance.
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Figure 2. Traditional vs. actual cost accounting. (Ciambt&@08)




Figure 3 illustrate the relation between machiniimge and thinking time. Thinking time is
here the time spent on process planning, to anahgseroblem, finding solutions etc. It is
thus seen that if resources are spent on the plgrofi the machining process, it will be
performed more efficient, and since it has a direkdtion to machining time, various related
costs, and thereby the machining cost and total ufaaturing cost can be lowered.
Machining cost reduction can in this perspectivgemeral be regarded as coming to a price
of increased process planning cost. This means ttieatratio between the two must be
evaluated to see when it is beneficial to spendtiaddl resources on process planning
efficiency and when it is not (Figure 4). The aifhpoocess planning improvements is to
reduce the cost for planning activities, while asing the same machining results or better
(Figure 3). There is a wide range of approachesniaking process planning efficiency
improvements. There are many researchers and autifotechnical papers that aim at
developing process planning from various viewpoartd objectives (Bagge, 2009). The most
common approaches include CAPP (automation of gsogdanning activities), expert
systems, model driven functions and working proceslu There is also much research
invested in developing better algorithms for todthp generation and optimisation of
machining parameters under certain cutting cornustio

Tmax

Machining time

Tmin

1 > Texploratiw

v

Troutin(

Thinking time

Figure 3. Machining time as a function of process planningkimg time. Adopted and modified from Ref.
(Halevi and Weill, 1995)

The cost of process planning versus the cost reduad machining time is basically the
marginal cost for reducing the cost during maclkgntaimplified, this can be illustrated in the
formulas as follows (Figure 4). It is desired tosere that process planning activities are
profitable in a machining cost perspective. (FiglireHereCpp = Lpp(Troutine+ Texplorativgs Cu

= Cm N(Ty - 4T). One seeks to keep the marginal (variable) progkessing cost lower than
the achieved machining cost savings, to make aaditi process planning activities
economically motivated. This is expressef @ expiorative< CmN AT.



Where:

Cpp- Process planning cost for a certain machiningragon

Lpp - Hourly process planning cost rate

Troutine - Routine planning time for a certain machiningigtion
Texporative- ~ EXplorative planning time for a certain machmioperation

Cwm - Cost for a certain machining operation

N - Batch size

Tw - Machining time for a certain operation

AT - Machining time saving due to explorative pracpkanning time
Cn- Hourly machine operation rate

As seen in Figure 4, higher process planning cast lse economically motivated with
increasing batch sizes.

Explorative process planning

€1 A Break even
[ ] cost (LPPTeprorativg

Machining cost N=n
reduction (GN AT)

L » [TexplorativJ
" [AT]

Figure 4. Explorative process planning cost versus machioogg reduction.

1.2 Aim and scope

As the title of the thesis indicates, the aim isi@pally to study and understand process
planning. The objective is mainly twofold. Firsketprocess planning function is investigated
regarding use of aids to manage and control inra@e@chieve increased process planning
performance. The second objective concerns thegiomgndemands and requirements of
process planning, which here is focused to enviemtal aspects of machining and energy
consumption specifically.

This thesis will focus on metal cutting processedjing, turning and drilling operations,

which are material removal processes. Other mahufag processes include various casting,
forging, extrusion and welding processes. Soméefkhowledge presented in this thesis is
probably applicable to these processes as welltHatitis outside scope of this thesis. There
are good reasons for mainly focusing on the firsug since the majority of machines and



production volume is transformed using this tecbggl(Halevi and Weill, 1995). Material
removal processes are in their features flexibaming batch size, materials and geometric
freedom. This implicates that the present situaisolikely to be reinforced in the future due
to the higher demands on manufacturing flexibility.

1.3 Research questions

Aforementioned research aim and focus can be statéldree research questions that this
thesis seek to answer. These are:

« How are processes planning aids used in the metal workidgstry, in order to
increase process planning performance through dkt@reation of manual work and
better information management?

* How should these process planning aids be used, to incressesess planning
performance?

 How do future and changing demands and requirememt€ompanies influence
process planning (i.e. environmental demands sttiesis)?

1.4 Disposition of the thesis

The thesis outline follows the main topics; Chapfrpresents the process planning
environment - principal constraints that operatgutess planning internally and externally.
Chapter 3 provide enhanced understanding for thefgwocess planning. Chapter 4 contains
the main results from appended papers and discussime with the thesis topic. Chapter 5
concludes the thesis, while chapter 6 offer insighd future work and research questions
with respect to drawn conclusions.

General requirements Establishment of A future sustainable
on companies and theoretical context and competitive
process planning for of process planning process planning

metal cutting for metal cutting function

Figure 5. Disposition of thesis

1.5 Research approach

This thesis is based on a number of principles dnatessential to regard when studying the
subject of process planning improvement for inaedgserformance.

1.5.1 Productivity improvements

In every organisation and business unit, threecppal types of losses can be identified that
influence productivity (Saito, 2001):

* Method losses- due to inefficient methods excess personnel maghinery are
needed,;



» Performance losses due to low performance of personnel and equipniesses in
potential productivity follows;

« Utilisation losses- underutilisation of personnel and/or equipmeatk to losses.

The aim and scope as presented in chapter 1.2eafegearch is mainly within the field of
method losses. To study the performance of indaligwocess planners can be categorized
under the psychosocial and work organisationalystigdd and is excluded from the scope of
this thesis. Here the focus is on describing hostesyatic working methodology can aid the
performance of the individual process planner aogdgss planning function.

1.5.2 Process performance

In line with aforementioned, this thesis will focos efficiency as the main performance
dimension. However, effectiveness is a vital paprocess planning performance, thus forth
mentioning. A distinction between two principal fsemance measures is made in this thesis.
The first is the performance of the planning preadeself — regarding resource use and can be
regarded ashe process planning efficiencyrhe other is the performance of the outcome of
the planning processhe process planning effectivenessich and describes how efficient
the generated process plans are to produce intgmaetlicts. Both of these performance
measures are important in such ways that it istlgsi® to have a lean/efficient process
planning function if the outcome does not genesdtecient and competitive machining
operations. On the contrary optimal machining oj@na cannot be justified at any cost,
especially if the product series are small, asudised in chapters 1.1.1. The main thesis focus
is on process planning efficiency, but effectivened! be included where relevant.

1.5.3 Automation

An automation perspective is vital to better untierd process planning efficiency
improvements. Automation of labour intensive maotifdng has persisted throughout the
history of mankind, but accelerated with the indasisation and introduction of computers in
the industry. The main driver behind automatiorast reduction, but can also be motivated
through a quality perspective and consistency dpwu It can also be motivated by work
environmental issues. The automation area hasafetlahe development of new technology,
that cost efficiently enables automation of operati Non-production processes have not
been automated in the same extent until rathemtigcavith the development of efficient
computer systems that can manage large amountatafathd complicated calculations (e.g.
FEM, CFD, CAXx). Considerable steps have been madeprocess planning context, where
computer aids such as CAM, CAPP and PLM systems ainautomating different activities
of process planning work. These computer aids aseerm detail discussed in subsequent
chapters. Common with automation for manufacturipgpcesses, the automation of
engineering work also implies a flexibility lossnee the human mind and body, probably is
the most flexible machine available. When a procgsaitomated, bits of flexibility are lost.
The usually rather high investment threshold isstbgr with aforementioned flexibility loss
one of the main drawbacks of automation.



1.6 Research methodology

In research of a parts or wholes of a companyptganisation itself cannot provide answers
to surveys and information must accordingly be med by the individuals working within
the organisation (Forza, 2002). It is therefore onignt that the right people are approached
when a survey is conducted so that the reseamgplete in respect to scope and reliability.

Qualitative and quantitative research methods #&en@ut against each other, where the
latter is often seen as superior in generating eoafly reliable and valid results. Albeit
inherent differences, both methods contribute umiqnd complementary ways to theory
generation and testing (Bachiochi and Weiner, 2004 differences between the two
approaches are present in philosophical orientatjoastion development, involvement of the
researcher, tools, flexibility, and contextual ughces. In many cases both qualitative and
qguantitative methods can complement each othergarel stronger results (Bachiochi and
Weiner, 2004).

The research conducted in this thesis comprisels bwthods, thus a description and an
outline of each areas contribution and charactesistill be included here:

* Quantitative studies Mailed questionnaires have the benefit of beingt efficient,
can be completed when respondents have time, camesanonymity. On the contrary
they often have a lower response rate, involvegdomead times and lack of open-
ended questions. (Forza, 2002)

e Qualitative studies Qualitative studies stem from the social scisnteit have been
adapted to many other fields as well. Qualitatiesearch is distinguished from
quantitative research mainly in the act of obséowadind analysis. Observations are
often carried in natural setting and through strred and semi-structured
interviewing techniques. (Locke and Golden-Bidd2Q04) The advantage of
conducting interviews are the flexibility (questiosequencing, details and
explanation), which enables more complex surveybetacarried out (Forza, 2002).
The analyses are consequently performed mainly wtbal and non-numerical
language to describe the topic of interest. (Lcake Golden-Biddle, 2004)

1.6.1 Experiments

Although this thesis does not have an experimespakoach — paper V includes a model
which was supplied with experimental data. Thesehiming experiments were carried out in
the manufacturing lab at School of Mechanical andnMacturing Engineering at the
University of New South Wales, Sydney.






2 Process planning constraints

Process planning is the work of transforming a ektproduct specifications into a
production/process plan that meet these speciégdirements. The act of process planning
includes decisions and selection of e.g. the semjugnof operations, tools, fixtures and
machining parameters. The process planning acotmsare detail discussed in chapter 3. The
constraints that influence the process planningtfan can be separated into two principal
categories; internal and external depending orr tieure. It facilitates the understanding of
the different demands if this demarcation is megiece each level are associated with a
certain type of requirements, which constraints ghecess planning work. It also concerns
the process planners’ possibilities to affect tbastraints. The differentiation made here is
(Figure 6):

 External level The external demands are here defined as thoseardks and
requirements that constrain the process plannimgtifon, but cannot directly be
influenced by the process planner. It can be reghab environment variables in a
process planning context. The external demandssterte a great extent of customer
demands (i.e. speed, time, quality, cost but atsor@enmental) as projected on the
function of process planning. It also includes dtads and regulations (e.g.
environmental and work environmental)

* Internal level:The internal level refers to those demands andnpeters that constrain
the process planning function and can be directlyndirectly influenced by the
process planner. It includes allocated resourcddiare that refer to the organisation.
The internal level also refers to the decisions enlag the process planner and more
concerns the technological context of the planrredgss (see chapter 2.2 and 3.1)

External level

- > Customers

Standards

________________________________

i Internal level
1

]
)
1
> Process level !
1
1
]
1
]

—

Plant level

Organisational
level (R .

Demands and constraints

Figure 6. Each level of process planning is connected torticeset of mechanical, physical, environmental,
economical, customer constraints and demands.



In general there are a number of dimensions tlilateince all producing organisations that are
the fundaments for performance. The priority betwtese performance drivers has shifted
throughout the history and is continuously doing Bbe traditional ones are cost, quality,
delivery/time and flexibility, but environment catso be included since its importance is
growing and cannot directly be categorised undgradrthe other (Figure 7). Which one of
the performance dimensions that is most importara matter of competitive positioning of
the company, although all dimensions are importardome extent (Hallgren, 2007). To a
great extent the performance drivers relate tooonst demands, since it is the customers that
ultimately define the priority and value of thewdnis. The performance drivers thereby define
how operationisin the company is carried out, not the least psgaanning, which have
influence on all of them. Efficient process plargizan be one of the key functions to remain
competitive in a changing environment. For a sugsphithout own design function, process
planning is basically the main function for compeéiness alongside a lean and efficient
manufacturing unit. Process planning, as the bridgeveen design and manufacturing is
therefore important since it not only have influerad the product quality, but also on direct
manufacturing lead time and the time-to-market.

S Quality
Flexibility

Figure 7. Performance drivers.

2.1 External constraints

Customer demands are the main imposer of the eteomstraints by stipulating their needs,

requirements and desires, which a company musiratd be contracted. Customer demands
explicitly or implicitly concern all the performaedrivers. Regulations and standards restrict
the process planning activities or enforce certsd@ps and/or documents to be completed.
Many companies are certified according to qualitgnagement standard 1ISO 9000 and
environmental management standard 1ISO 14000, wimgose restrictions also of process

planning.

The position in the supply chain or network inflaes the applied constraints. Many metal
working companies act as suppliers or sub-suppliehe supply chain, which often means
that they do not have direct contact with the endtamers, but are contracted by a
manufacturer, which defines the prerequisites feing an order to a supplier. The supplier
can have or not have component design responmbjlivhich will influence how constraints

apply on the supplier at large but also the propéasning function. If the supplier does not
have design responsibilities, there are fewer pdggs for making design changes for

! operation should in this context not be confusét the physical machining operation (also usethethesis),
but rather the act of transforming input into usedutput (Meredith, J., R. (1992yhe management of
operations: a conceptual emphasishn Wiley & Sons, Inc.).
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manufacturability or to adapt product to the maehiand manufacturing system available.
Whether a longstanding relation between manufacturé supplier exists also have influence
on process planning constraints and the possdslitio ensure high process planning
efficiency. If many temporary business relationsgsxhe input (drawings and models etc.) to
the supplier will vary; i.e. inhomogeneous inputhieh will have implications for the
possibility for automating process planning act®gt For In-house designed products it is
easier to guarantee the interface between designpescess planning. This is discussed
further in chapter 3.5. Process planning is al$ecé#d by the use of 3D models, which is an
enabler for virtual process planning regarding s$ations and efficient data and information
transfer. The product itself are also connecteatddain constraints regarding the act of
process planning, since product geometry and nadterighly govern the process planning
lead time. Geometrical complexity naturally impokegher demands on the process planning
function. For example, a product with free formfaaes would be virtually impossible to
prepare using manual NC programming, while it maiter of mouse clicks to define the tool
paths in 3D CAM software. A similar situation amgdito the product material, where
materials with lower machinability need specifioland set-ups to be machined efficiently,
thus making tool selection more intricate.

Environmental requirements are often consideregtamd in opposition to cost reduction
initiatives. However, the situation can be the @ where no direct conflict between
production efficiency and environmental consciossnezgarding material recycling (Stahl,
2007). Material recycling does not have a direfituance on process planning. Other factors
however do, and today there are is an understanidingorrelating objectives in lean
production and environmental benign or green mantufeng (Bergmiller, 2006; Herrmann,
Thiede et al., 2008). Raising customer awarenegsratiatives to raise customer awareness
for environmental issues (NN, 2008; NN, 2009a)sparessure on all company operations to
adopt more environmental conscious thinking. Oncibrgrary, there is limited understanding
from the industry to make environmental improversantorder to gain economical benefits
(Kaebernick and Kara, 2006). The principal envirental impact from CNC machining
concerns electrical energy consumption (Dahmus @ndowski, 2004), both during
machining, but also during standby.

As an example, the Volvo group has increased tleeggnconsumption, but net sales have
increased likewise, hence the ratio between enswggumption and net sales have decreased
(NN, 2009b). Naturally the products from the Volgvoup and alike have the main
environmental impact during use, albeit the envimental impact from company operations
cannot be neglected. As mentioned in chapter tLig ,im this case principally the component
design that influences the environmental perforreahaing the product lifecycle.

2.2 Internal constraints

The decisions that are taken throughout processniplg most often influence subsequent
steps and possible future decisions; internal cams$ are introduced. This means that if
constraints imposed earlier in process planningnabbe overcome - an earlier decision must
be revised. Iteration of process planning actigitis therefore often necessary. This is
especially the case when planning for a new prodmck/or innovative machining, where

process planning is exploratory.
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The setup of the machine and machining parametersesults are closely interrelated. If one
parameter is changed, the prerequisites for othmpeters are changed as well. This has the
consequence that the complexity level of proceasmihg increases. To this adds that a part
often can be machined in a multitude of ways. Whnk of the machining strategies that are
the correct one depends on company objectives (&Bju The objectives are however not the
process planners’ task to decide upon, which requents and demands the machining
process must fulfil, but rather a management igblatevi, 2003). Subsequent chapters will
introduce the reader to some of the internal camg. The reader will find some similarities
in chapter 3.1. This is because the constrainta fpeat extent correspond to the process
planning activities.

i Company objectivesi i Manufacture ; i Process planning |
i dimension ' i dimension b dimension i
[ cos e | —
: : Energy 1 i Operatiol :
: : consumption ! :
i (F|EXIbI|Ity) : Machine tool :
: Material removal :
i Quality i
' | Deliveryfime Surface finis| X Clamping :
: . Dimensional i :
: Environmen P — Machining :
| y parameters :

_____________________________________________

Figure 8. Relation between process planning and company til@sovia manufacture dimension.

2.2.1 Machining operations

In many cases a part can be machined, not onlynbytype of operation, but there are often
several alternative possibilities. Often optimisatalgorithms focus on the cutting speed as
the main optimisation parameter, but if the chageeration is inferior to other operations, the
process will never be globally optimised. It isrdfere important to initially ensure that the
most appropriate machining operation is selectdae Pprocess planner initially usually
defines the required set of operations to prodheepart. Principally any combination of
turning, milling, drilling, and threading operat®nare possible. Each of the principle
processes holds a variety of different operatidnsotational symmetric outer dimension can
for example be machined trough turning or throughtronal milling. An internal hole can be
machined through boring or drilling, spherical midj or in some cases through internal
turning. The decisions are therefore not alwaysiarior unambiguous. The selections
influence the requirements on machine tool e.gné or several machine are needed, re-
clamping, tool magazine size, tools in stock etc.
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2.2.2 Machine tools

Different machine tools have different featuresaregng possible operations, axes, stability,
rigidness, accuracy, power, spindle torque, wodcepavailable speeds and feeds, number of
tools, tool change times, hourly rate, batch quargic. (Halevi, 2003). The machine tool
influence lead times, set-up times, machining Gogtglity, tendency for vibrations, re-
clamping, etc. Consequently the machine selecgaders a set of constraints that the process
planner must regard.

2.2.3 Cutting tools

The selection of cutting tool has great influenoetlte possible machining parameters. Tools
come in different material, coatings, micro and roageometry. Often cutting tools consist of
two parts; insert and tool holder. The cutting tbak direct relation to surface finish and the
power requirements, and forces on the tool/worlgead thereby influence the tendency for
vibrations. The main factors to consider in thd smdection are tool geometry (so that desired
part geometry is generated), tool life and remoatd. It is of interest to minimize the number
of different tools, since it limits the complexigyd cost for stocks, ordering, but also reduces
the set-up time and tool change over time. Decidimgn a cutting tool (insert and holder) is a
fairly complex process, since the alternatives aodhbinations are almost endless. A
comprehensive review of tool selection is howeveside the scope of this thesis.

2.2.4Machining parameters

All operations have the fundamental machining pa&tans - depth of cut, cutting velocity and
feed rate. However, the meaning of them variesh#figaccording to the operation. The
machining parameters can be regarded as the fptahisation of the machining process.
Machining parameters have a huge influence on tlaehming process, by having a
continuous and normally wide span of possible patars combinations (Figure 9-a). The
machining parameters directly correlate to mategaloval rate and consequently machining
cost and time. Machining parameters are also tigtdhnected to tool life and the decision
between material removal rate and tool life is thajor optimisation to be made for a
machining operation. Most optimisation algorithnes $electing economic cutting speed in
relation to tool life are based on F.W. Taylor 19@ar’'s equation. To this day, no one has
suggested a better substitute, although it somstimeextended with more parameters
(Halevi, 2003). Machine power often acts as theeupjmit for possible machining
parameters, if tool life is not the limiting criten. The machining parameters have a non-
linear relation to specific cutting energy, whichthe energy required to remove a volume
unit of the material. This means that machiningapeaters influence the machining power
and energy consumption, and can constitute a paoptimising machining operations for
efficient use of energy.
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2.2.5Workpiece positioning

It is necessary talecide upon way of holding the workpiece in place guarantee
dimensional accuracy (i.¢olerances). During machining large force.g. gravity, cutting

forces, rotational, vibrationsact on the workpiece. The fixture mustcordingl’ ensure that
the workpiece is held in place, and that it does damage the workpiecThe clamping
system has direct influence on the system rigidityl siffness, and it is consequen

important to ensure that the clamping gives enosiifiness so that optimal machini

parameters can be used. More effic machining (higher removal rgtalso imposs higher
forces on the workpiece and the clamping. Clamping thereby hamlirec' influence on
machining time/cost and qualitThe workpiece fixture should not obstruct the ttalel

operation(Halevi and Weill, 199t In the optimal case no re-clampisigould b necessary in
order to perform all machining cerations. This reduces the likelihood for errors &

geometric deviations related to workpiece positigniTo only use one work piece-up also
enables shorter manufacturing lead times, sin-clamping often must be done by mach

operator. It is of advantagé standard fixtures can be used, siidedicate fixture design
usually is costly and increases the tibefore manufacture commences.

2.2.6 Process planning and concurrent engineerir

Concurrent engineering is an organisational appraaaneet higher demar of shortened
product realisation lead times. It implies a closeoperation between different functiol
areas within a company. The major lead time impnust is not on the total time/resou
consumption but on the compaction of the total tspan. (oncurrent Engineering not on
has the potential of shortening the total lead fiimat also to create better and ches
products since the communication between disciplitteat traditionally has been ratt
limited, is facilitated. This means that imjsible or unnecessarily costly designs car
avoided at an earlier stage. The advancement @ucnt engineering has thereby put i
pressure of the process planr function since its interaction with other company funcs
increases in importanc&fficient transfer of data, information and knowdedincreases i
importance. The information transfer is becomingrencomplex with the size of tf
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organisation, where product development, procemsnohg and/or manufacturing unit may be
geographically dispersed. PDM/PLM systems are is fierspective, important aids for
transfer of information and coordination of prodteslisation activities.
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3 Process planning

Process planning is an essential part of prodwadtsegion. The product realisation prcss
comprisesll the activities thaare necessaiip order to develop, manufacture and distri a

product to a customer. The chain always starts aithidea of some kind that must

transformed into a functional product concept tigiota design procs. In order to be
physicallyrealisable, the design conc, along with requirements must be transformed in
process plan, which is implemented in the manufajusystem Figure 10). The various
product realisation activitiegan beperformed internally or externa (out-sourced) in
relation to the maimanufacture.

Idea generatio

Design

Technical process planni

<~ ]
Tool path generati
F; Machining

Figure 10. The principalproduct realisation flow che using concurrent engineeringhe arrows illustrte the
constraints and requirements that each processajes

In short one can say that process planihas the primary function to prodt a process plan
that unambiguously describes the complete manufactua produc. A process plan for CN
machining typically includeshe NC program as the centre piece amak instructions for
operators and other staifoncerne. Work instructionsusually concer handling of
workpiece, tool change intervals, quality conmethod etclf the above stated aree results
generated from process plann process planning comprise the wadtivities that through a
number of selections and decisions, transformsifgpons and requirements into a proc
plan. The principal decisions concern selection of macturing process, machines, toc
workpiece holding, machining parameters eFigure 11).Process planning work is
general labour intensive, highly subjective, tinmasuming and tediou(Wang and Li, 199..
The process planners’ mamork activities can roughly be regarded as be distributed as
15% technical decision making, 40% data, tableing/retrieval and calculations and 4
text and documentatiafialevi and Weill, 199¢. In a valueadding perspective it is primar
decision making thadtirectly adds value to the final prodyathile the other are necessit
for making capablelecisions and produci a formal process plan. The aim of proc
planning improvements should consequently mainlgibected towards minimising the tir
and resources spent on nealue adding activities so that the resources eafnded for valut
adding activities (Figure 12Process plannir work requires personnel with good knowlec
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in e.g. manufacturing processes and shop floortipesc Due to the high reliance on humans
and their knowledge/experience the produced progkss often lack consistency. A study
showed that a sample of 425 relatively simple geesslted in 377 different process plans
(Wang and Li, 1991). This means that a process fdara specific case (product, set of
requirements), produced by two different procesmpérs very seldom will be identical.

However, this does not mean that there will be hddferences and the main machining
process is probably similar, but selected operatiomachining parameters may differ, which
influence quality, cost and energy consumption ipatars.

The activities both during process planning anddpob realisation can in general be carried
out in a serial or concurrent flow of activities. dmbination of the two is also possible.
Concurrency between activities (as in Concurrengifi@ering) is often preferred, since it
reduces lead times and can increase e.g. qualitpugput. In this thesis, Concurrent
Engineering is considered desirable and should pé&kee during process planning, even if
figures normally show serial flows due to simplfion and readability reasons.

Drawing interpretation -

Process selection

Machine tool selection

+

Workpiece selection
Operation selection

Auxiliary systems selection @ iteration

+

Tool selection

Machining parameters selectiongg

Tool path generation

+

Verification of process plan

+

A

Figure 11.The main process planning activities.

Figure 12 illustrates the principal process plagrfumction. Main value adding activities are
decision making activities (i.e. concept generation concept decisions), which available
time and resources should be focused on, whereagsburce need for other activities should
be minimised. In this perspective, data/informakoowledge retrieval and classification,
which are inputs to the process planner, shouldubemated to minimise the need for human
interaction and resources spent. Similarly, to gaeea formalised process planning output,
once the process has been defined, is also antadtiat should be minimised regarding
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resource use. The main activities herein are NCgraraming and work instructions
generation, which to a great extent is clericalkydinus fit for automation. To minimise the
time for the described non-value adding activitieglies that more resources can be
dedicated to decisions (as stated in Figure 11) aptimisations that influence the
effectiveness of process planning (i.e. machinirgg@ss and the product). In relation to Ref.
(Halevi and Weill, 1995) observations of resourse tor different process planning work,
only 15% of the resources go into direct value agdictivities. In Figure 12 this corresponds
to concept generation and concept decisions. Thedfuhe process planning resources are
dedicated to information management, calculatiorts generation of the process plan. Better
process planning efficiency can be achieved witmenafficient process planning aids, as for
example IT systems, PLM systems, CAM but also thholetter and more systematic
working methods. This will be further discussedutsequent sections of the thesis.

Minimise time
and resource
usage

»| Requirements Experience Data
collection collection collection

Maximise time
and resource
allowance

Concept generation
(Optimisation)
(see Figure 11)

v

| Test virtual,
physical

Concept
decisions
(Optimisation)

Generate process
plan(NC | _ _ o _______ |
program, work «
instructions etc.)

v

Manufacturing

Figure 12.Principal flow chart of process planning, iterat&ieps and distribution of resource usage priatitie
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3.1 Principal process planning activities

Process planning is an important part of the prodncystem, since it in detail defines the
manufacturing process that transforms raw matantal intended product. A great part of
process planning consists of making selections dauilsions between various options and
parameters. The principal activities of processhplag are illustrated in Figure 11 and
described hereunder:

Interpretation of technical drawing a thorough analysis of the drawing must be
carried out before the actual planning commenchs.planner must regard materials,
dimensions, tolerances, surfaces finishes, howitguadeasures and verification of
manufactured can be carried out etc.

Processes and operations selectiorthe production planner must initially make
decisions of the production techniques (castingsmmang, welding, forging etc.) to
employ. When this is done, the process planner smaldecision of the operations and
their sequence. The selection of processes anditopes are made in accordance to
the constraints in connection to the product, mactufing system and its
environment etc. as described in chapter 2.

Machine tool selection the selection of the appropriate machine acogrdio
operations, availability, size and power etc.

Workpiece selectionthe freedom of deciding upon different workpig¢gees depends
on the production batch size. For short seriesymtioh most certainly a standard off
the shelf workpiece is used, which means that aofomaterial may have to be
removed. With increasing production batch sizesoaenmear net shape workpiece is
profitable. This means that less material mustdmeoved, hence a shorter machining
process. It is also more environmentally beneficehce less material is casted,
transported and removed. Utterly it is a matter tefde off between casting
(workpiece) cost versus machining cost.

Fixture selection the selection of workpiece positioning methogastly a matter of
operations, direction of operations, number of @eto machine in one setup and
features of the machined part. Sometimes the clagnpf the machine tool can be
used, whereas at other times a tombstone or aaledig designed fixture must be
used.

Auxiliary system selection in many cases the machine tool work in accorelanc
other systems in the manufacturing system. It canflbod cooling or Minimal
Quantity Lubrication (MQL) systems, or automatigrstems such as robots etc. The
process planner must consequently make decisigsdiag the usage of available
auxiliary systems. When it comes to the coolingha cutting process, it is an area
where currently a lot of research is undertakens T because traditional methods
such as flood cooling have negative influence anworking environment and the
environment in general. It is also linked to a &aogst in many cases, and can account
for a larger cost than tooling (Astakhov, 2008).

Tool selection- the selection of cutting tools (tool holder aimderts etc.) largely
influence machining cost and time. There is a magge of possible combinations of
tool vendors, materials, grades, coatings, microfmageometry of cutting tools,
which make optimal decisions difficult. (See cha@®) Tool selection stand in close
relation to possible machining parameters.
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* Machining parameters selectionthe influence of machining parameters stand in
direct relation to machining cost and time, thus pinofitability of operations. It also
influence on the energy consumption of the machimiperations, which means that it
can contribute to a more energy efficient manufaotu system if parameters are
properly set. The cutting speed is often the patantbat optimises the operations as
used in Taylor's formula of economic cutting spelddwever, feed rate and depth are
cut important to regard since they show a non-limekation with the specific cutting
energy and by selecting the machining parametesglyia lower specific cutting
energy can be achieved, which leads to better mistances for the tool, but also to
decreased total electrical consumption. (See ch&phg

e Tool path generation It is often done in CAM or by manual offline online NC
programming and defines the moves of the tools theeworkpiece. (See chapter 3.6)

» Verification of process plan The above made decisions fulfilment of process
demands must be verified in some way. Sometimegabehachining is the sole
testing, but often some sort of simulation is @frout to avoid problems at an early
stage. Simulation can be carried out in CAM, stalmhe software or in the control
panel on the machine and can have different sdopgome cases, only geometrical
accuracy is verified, sometimes collision occuresnare verified. A process is always
subject to variations where simulation of tool ga#md collisions etc. do not provide
information on the continuous performance of thecma@ng process. Decisions on
process plan verification in a manufacturing sitwaimust be consequently evaluated.
It can include various statistical methods for @walcontrol of the resulting
components, e.g. Statistical Process Control (Sf2)evi, 2003). Chapter 3.1.1
discusses verification requirements in relatioddta levels.

* To the general process planning activities addscteation of work instructions for
machine operators, which is part of the processnaes work as well. (See chapter
3.8)

The decision order has importance, since a decigiso includes constraints (chapter 2.2
presented the internal constraints on process plighmon the subsequent activities in the
planning process. The selection of machine is omnele of this, constraints the possible
operations in one clamping and the machining pat@mse since every machine has a
maximum power, spindle speed, possible operatimmsber of manipulation axes etc. This is
one of the reasons why iterations are frequentnduprocess planning. Sometimes a prior
decision restricts subsequent decisions in suchamner that specifications cannot be met.
Consequently iteration is necessary. lterations lmamegarded as reactions of errors, since
they are necessary in order to reach a betteri@oldterations prolong the process planning
lead time and to increase process planning effigiea reduction of the need for iterations is
desired. It in this context desired to make rigétidions the first time. Another option is to
reduce the time required for making an iteratia@pstn this perspective, simulations can be
efficient tools. As mentioned previously, concuggrbetween activities can occur, which
means that the above list of activities should betegarded as a strict sequence of actions,
but they are still interrelated.

The traditional approach towards process planniag lbeen to build a process plan from
scratch, for each part that is being manufactuféds approach requires substantial retrieval
and manipulation of information from many differesturces (Denkena, Shpitalni et al.,
2007). Figure 13 illustrates a possible distinctimgtween different automation levels in
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process planning. Process planning invigorate agtioreed, many different areas, which can
be subjected to automation. Figure 13 simplifi@sudti-dimensional situation.

______________

: Automation level of :
Manual NC ; tool path generation :

programming

Manual CAM

Semi-automated
CAM

Fully automated tool
/ path generation

Seamless and fully
automated process
Human-centered planning
process planning —

non-value adding

Seamless L
integration of activities are
product automated
Human/experienced data/information
based process
planning

: Automation level of general |

I process planning activiti 1

Figure 13. Automation level scale of process planning

3.1.1 Data levels

In general there are three different levels of dat® Figure 14) in respect to the reliability of
the machining process outcome. If machining pararmaefior a certain operation, tool and
workpiece material are regarded, data of the fesel gives a fairly wide window for
machining parameter selection as found in geneathming handbooks and tool vendor
catalogues. This renders a situation where theom#ccan vary more, thus the reliability of
the outcome is low. The second level refer to nepecific data where published industrial
experiences or scientific papers provide a narrodegan process window for the current
machining case. This renders higher reliabilityoatput in respect to aforementioned more
general level of data. The third and highest I@fadata refer to data that are extracted from
own tests under the specific circumstances of esteror data retrieved from former
manufacturing processes under identical circumsgndhe type of available process
planning data influences the safety margin in tleemming processes. If data is reliable, less
safety margins are required, which will lead to enmrbust and efficient machining processes.
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Figure 14.Relation between data level and necessary safatyimsaduring machining.

- Published experiences

In analogy to aforementioned, Figure 15 illustrates difference between established, new
and innovative processes in a process planningogetise for validation. An established
process may not require any validation since fromm @xperience, the process planner is
ensured that the selected process will work. Howedepending on the innovativeness of a
process, certain aids must be employed to valittedeprocess. Simulations and physical
machining are examples of such aids. Since physieghining typically are connected with
higher costs, simulations are preferred. Howevegimulations (due to lacks in models,
process knowledge, algorithms etc.) do not prowidiable output data, physical machining is
necessary.

_________

Process validation

1
)
1
)

proces
| . T____I

Innovative Characterisation
proces of proces

Figure 15.Depending on how established the process is, nartaasures for process validation are required.

23



3.2 Optimisation

Since process planning comprises many decisions fandal/informal optimisations -
optimisation is dedicated a chapter. In genera,ghrpose of the optimisation process is to
determine a system so that the specified goals adojelctives are most nearly achieved
(Meredith, Wong et al., 1973). In any system, theist a set of different concepts that fulfil
specified goals, objectives and criteria in difféargvays (Table 1). It is therefore important
that the company have specified goals that carelaged to, so that the system is optimized
according to the actual goals. Optimisation of paters and demands and requirements is
the centre point of process planning, since detssand selections should generate an optimal
process plan. A process planning function that mavide better decisions is therefore the
aim of improvements and it imposes requirementshef design of the process planning
function and its relation to other company funcsion

Table 1.Relation between goals, objectives and criteriar@dith, Wong et al., 1973)

Goals Objectives Criteria
Maximise profit 1) Minimize cost Capital investment in dollars,
from investment 2) Maximise income operational cost, maintenance

cost, interest cost, city taxes,
rental rates, occupancy rate,
tenant’s income levels

The optimum solution is usually defined as the mécdlly best solution that is achieved

without any trade-off between goals and objecti&iace the goals, objectives and criteria
inevitable conflict, the engineer or process plameast make trade-offs in the optimisation
process. (Meredith, Wong et al., 1973) Three ppalitypes of optimisation methods:

Analytical, combinatorial and subjective. Procetanping characterised by major parts of
human interaction leans heavily to the subjectorenfof optimisation, where the optimisation

is taking place in the head of the process planner.

The simpler form of process planning occurs wherhime tool, cutting tools, fixture and
product specifications are given. It is then amassef using the given constraints and to use
them in an optimal way in accordance to requiresiamid demands (Grieves, 2006). When
any of the above constraints are open for modiboat as when new tools can be used,
investment of new machine tool, new fixture develept or changing of product
specifications, then the complexity level of pracgdanning consequently will increase.
However, the possible permutations, thus the coxitgléevel of parameter optimisation in
the simpler case is high, which means that onlylasat of the possible permutations is
evaluated. Usually the search for a solution of gmeen problem is aborted when a
combination of parameters satisfy the given requéets. (Grieves, 2006) Human beings are
not well equipped in performing those searchesapiinisations. However, this is often the
case - that information and data retrieval alorgglte combination of it into concepts are
highly manual work. As the following chapters shdhere are various computer aids and
methods that aids the process planner during @ecisiaking in order to produce more
optimal solutions and consistent process plans.
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3.3 Process planning methodology

The following chapters present the principal digfer ways of conducting process planning
work. It can essentially be categorised under tategories; human-based and Computer-
Based Process Planning (CAPP). The latter conadptsr to a wide span regarding the
automation level of fully automated and semi-autt@adgrocess planning systems.

3.4 Human-based process planning

Human-based or experienced-based process plarmmstgdl icommon in many companies. It
is to the major part based on manual work actwitiene process planner in these systems
base decisions on knowledge from many differentcas) e.g. experience, handbooks, tool
manufacturers’ data sheets etc. This also impkcttat it is the responsibility of the process
planner to retrieve applicable information. Theigiens made are often subjective in nature
and due to the large quantity of information anthdavailable does not necessarily generate
the optimal concept or solution to the problem. dgess planner in these situations must
possess the following characteristics to be ablgeépare a process plan (Chang, Wysk et al.,
1998):

» Ability to read engineering drawings (or solid mtsjg

* Familiarity with manufacturing processes and pragti

» Familiarity with tooling and fixtures;

e Familiarity with raw materials;

« Know the available resources in the shop;

* Know how to use reference books, e.g. machinistibaoks;

* Ability to perform computations on machining timedacost;

* Know the relative/approximate costs of processesing and raw materials.
As the reader realises, the above knowledge nturafrelates with many of the process
planning steps as described above (chapter 3.19wkadge and experience are typically
drawn from a wide range of sources during procdssinmng. The knowledge can be

categorized into four different types, dependingvich area of the process planning activity
they concern (Jia, Zhang et al., 2008):

« Handbook knowledge, which include e.g. toleranceaterial, machining data and
process planning specification as found in handbpbkochures and standards;

* Manufacturing resource knowledge, which is data ndwledge connected to the
manufacturing environment where the process plantakes place, e.g. machine,
cutter, fixture and process planning database;

» Decision making knowledge is built up of experigrmm@cedure algorithm and control
knowledge in process planning;

* Model knowledge includes process planning data/kedge model, e.g. information
about product, operation, fixture, machine etc.

Human-based process planning as described abaieveeknowledge from various sources
as illustrated in Figure 16.
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Figure 16.Experience-handbook-database-plant/process knowledg

A great part of the information regarding tool améchining parameter selection is taken
from handbooks and tool manufacturer's data shaetsrecommendations. A handbook is
one way of formalising knowledge, which has longi& manufacturing practice. Process-
capabilities are often represented in tables, grapbures, or listed as guidelines. Larger
enterprises often have internal handbooks. Handbaai serve as guide and reference
(Chang, Wysk et al.,, 1998). Some machining orgaéioss: issue their own machining
handbooks and machinability databases. The datemed herein usually provide starting
values and the recommendations are sourced frony maastries and technical literature
(Halevi, 2003). Tool manufacturers also issue laegaounts of recommendations for
machining parameter settings. The data providedften given for each tool individually.
Traditionally the data was presented in catalogbes,nowadays many tool vendors have
online interactive machining parameter selectiowhere the user define material, surface
finish, cutting angles etc. and are given recomragads. Tool vendor data must often be
handled with care (Halevi, 2003). Tool vendors a&so have more direct interaction with
customers, through visits and direct communicatibis not unusual that a tool vendor give
direct recommendations for a specific machiningiagion regarding tool and machining
parameter selection. In some cases a company vde axnumber of tool vendors that will
give recommendations on tooling and machining patars. The customer then picks the
tool vendor that fulfils the requirements the bette

Process planners obtain their experience fromegaraining as machinists, from books or
through discussions with colleagues. There arerabeu of inherent problems related to a
process planning function that to the major pditseon the process planners’ experience:

» Experience requires a significant acquisition p(Ghang, Wysk et al., 1998);

« Experience only represent approximate, not exaowkedge (Chang, Wysk et al.,
1998);

» Experience is not directly applicable to new preessor systems (Chang, Wysk et al.,
1998);

* Experience is connected to individual persons, iwhiake the organisation dependent
on the knowledge of a few. If one leaves, alsckii@wledge leaves with him.
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These factors with humans confine some of the itapbreasons, alongside the mentioned
problems regarding information management and ogdition, for the development of
computer-aided process planning systems.

3.5 Computer-aided process planning (CAPP)

Computer-Aided Process planning (CAPP) is the appbn where computers are used in
order to assist or replace humans in order to m®detter process plans during less time.
The CAPP concept stands for a wide span regardinogeps planning automation. In its
lowest form it will reduce the time and effort f@rocess planning and provide more
consistent process plans. In its highest form It pioduce optimal process plans without
human interference from a required set of inpugs,the automated interface between design
(CAD) and manufacturing (CAM) (Figure 17). (Wangdaln, 1991) There are a number of
possible computer centred aids for process plannuigch all have their different area of
application and which dictate the type, quality amdount of information and data. Virtual
tools have different characteristics regarding sceghen in the process (planning) flow they
are applicable and the of data required (Grieve862 CAPP has a long history, starting in
the mid 1960s. Throughout its history differenteardave been of interest, where the CAPP
systems developed during the first 30 years wesedan the variant approach (see chapter
3.5.1). Later CAPP systems were based on atrtifictelligence technology and on generative
or semi-generative methods. Until the mid 1990ses@®0 scientific papers were published
in the CAPP field. (Marri, Gunasekaran et al., 7998ring the 1970s initiatives in Sweden
were taking in the area of CAPP. Master thesespamérs were written in the field and a
CAPP system, PRAUTO was developed during this tiiemnander, 2009) Despite the long
history of development of CAPP systems, their usagather limited when it comes to the
industry. This is particularly the case for SME®(IRena, Shpitalni et al., 2007).

CAD

A 4

CAPP

A 4

CAM

Figure 17.Relation between CAD/CAPP/CAM

As discussed in previous chapters, process plannol is fundamentally a sequence of
decisions. It is therefore appropriate to includeeation that incorporates decision aids. The
decisions that traditionally have been made by msmare made or aided by the CAPP
system. Depending on the lead time and whethesides are repeated or unique, different
aids are more appropriate. Table 2 shows how vam@gisions aids are suitable for different
situations. The presented decision aids only retjaedefficiency of the immediate process
(i.e. process planning), not the effectiveness pideghis, Table 2 provides an understanding
for applicable decision aids, where many proceasr@rs in many cases act by experience
(intuition). A CAPP system act in the rule-basedtssn field, by providing the process
planner with rule-based decision aids (bootstragymimulations and information systems).
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Table 2.Decision aids (Slovic, 1982)

Long lead time: Rule-based systems:
Decision analysis Bootstrapping
Multiattribute utilities
Short lead time: Computer information systems
Educated intuition Simulation

Early attempts of automating process planning weith the aid of computers, primarily
consisted of building computer assisted systemsefoort generation, storage and retrieval of
process plans. Systems like these can save uptm#fi@ process planner’s time. Despite that
they do not perform the actual process planningstabut merely reduces the amount of
clerical work. (Chang, Wysk et al., 1998) Later elepments of CAPP have been directed
towards eliminating the process planner from thareerplanning function. Some of the
benefits this is expected to lead to include:

e Reduced need for skilled planners (Chang, Wysk £1298)
e Reduced process planning time (Chang, Wysk e1298)
* Reduced process planning and manufacturing cGsiang, Wysk et al., 1998)

» Rationalisation and standardisation of processesimore logical and consistent
process plans are generated. (Groover, 2008)

* Productivity increase of process planners sinceensystematic work permit more
work to be accomplished. (Groover, 2008)

* Improved legibility since computer-produced instroies are easier to read. (Groover,
2008)

* Incorporation of other application programs, such st estimation and work
standards. (Groover, 2008)

Altogether, the above benefits of CAPP will leadrtoreased overall productivity of process
planning (Chang, Wysk et al., 1998)

3.5.1 Fundamentals of CAPP systems

Although there are multiple choices to be madenfi@chining operations for machining a
part, CAPP systems only delivers one process fMarr{, Gunasekaran et al., 1998). The
different choices include multiple machine tools,aalmining sequences, machining
parameters, tools etc. Principally there are fowinmelements in a CAPP system; input,
output, database and manufacturing decision makileg (Marri, Gunasekaran et al., 1998),
which also are the basic elements of human-basmmkes planning. There exist a number of
variations of CAPP, where a common discriminatibil€8PP systems is whether it is based
on thevariant or thegenerativemethod. The exact meaning of each concept is resepted

in this thesis, but is discussed in more depth bff RVang and Li, 1991; Halevi and Weuill,
1995; Groover, 2008; Bagge, 2009). However, inrtstiee generative method is more
automatic and advanced in its process planningrighgo than the variant method, and is
regarded as fully automatic process planning. Tiputi is a text or graphic file and the
software generates a process plan. It is a ditfimatl complex method due to extensive need
of algorithms, decision logics and data in orderdplace the human process planner and
consequently difficult to develop for industrial prementation (Bagge, 2009). It is in this
light not surprising that much of the process piagnwork still is performed by human
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beings. Inherent problems with CAPP systems arethigy are restricted to interpolation of
data rather than extrapolation. In respect to apation of machining parameters, this
certainly leads to that robust parameters are teeledut for pushing the edge of new
machining strategies and innovative machining, threstricted.

To be able to implement a CAPP system, where thedfuhe process planning activities are
automated, an assessment of the interface betweghbouring functions should be carried
out. The central issue of the assessment is teiligate the input of information and data to
the process planning function, whether this is catibfe with the current system. If not, some
sort of translation system must be employed (Ciamégyr 2008) to ensure that the CAPP
system input is standardised and readable. Thaspecially important for suppliers that have
a large changing customer base, which all emplégrént drawing standards, conventions
and file formats. Not all customers may use CAD-pisdSome use paper drawings, sketches
or verbal methods to communicate part shape andiresgents. Process planning input is
heterogeneous in its nature. It can under thesarostances be difficult to easily use a CAPP
system without human interaction (Figure 18).

Input: non- | Manual process I
a) standardised planning
[ |
1 1
NE
P
Input: non- > [ Automatic process )
b) standardised  t :_’ planning
I
]
—
1 . 1 q
C) | Input: ' . Automatlc' process I
1 standardised planning
1

Figure 18.Different approaches to overcome problems with iffaierogeneity.

3.6 Tool path generation

NC programs are not seldom created by the NC pnogier from a 2D blue print of the part.
The result can spread due to the proficiency le¥¢he NC programmer and how geometric
features are interpreted etc. This is one of thgals for automating the tool path generation,
which prompted the development of CAM. (Wang, 198@yvever, the benefits of CAM, it is
still common in the metal working industry to usamaal NC programming, in some cases
for certain products and operations that are pewor on certain machine tools or simple
products and in some cases for all produced preduct

There are two driving mechanisms behind the automaif tool path generation/CAM. The
first is increased quality, by closing the intetptenal/communication gap between product
design and process planning, where uncertaintigsand will result in faulty parts that does
not meet customer demands. Second the productkzatah lead time is a factor that is
reduced when labour intense manual programming \gakitomated. In total, this will have
positive impacts on the cost of the product retibsaprocess and thus the profitability of the
company. Already from the beginning of the NC maehhistory, it was realised that manual
programming of tool paths would be too tedious (@hand Joshi, 2001). Even for simple
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geometries the programming is rather complex. Tofééets must be calculated using
trigonometry, which means that even for rather sngarts the computational work can be
cumbersome. For complex shapes and increasing muofbenachine axes (e.g. 5-axis
machining), it is virtually impossible to performamual NC programming. There are many
potential error sources in manual NC programminigis Twas the starting point of CAM

development and APT (Automatic Programmed Toolwwgs the first outcome (Chang and
Joshi, 2001). APT is a program language the lets ghogrammer define machining
parameters and tool path. CAM developed from AP{ rdplacing the program code and
enabling programming through a graphical interféddtachover, 1996). By using CAM,

where the tool paths are generated directly on GA® model, the risk for measure

interpretation errors and miscalculations are elated.

Still today, problems exist in the integration beém the product design phase and the process
planning phase. The issue has a long history buthgre is no generic solution that all
companies use. Even with the use of CAD and CAMesys, which corresponds to the above
company functions, most companies use CAD systedeyt while CAM, although common

is not as frequently employed. This means thad wiitually impossible to have a seamless
integration between the design and the processiiplgrphase. A process planning system
that is integrated with the CAD/CAM system have putential to transfer information and
data about geometry, tolerances (dimensional, gemrend surface finish), material type,
special customer requirements, batch size andnpanber. This information typically have
different creators and sources, where e.g. geomeéata may come from the CAD system
whereas all other information would come from otkeurces, e.g. manufacturing databases
or the user. (Husbands, Mill et al., 1987) In relatto CAPP, CAM preparation mainly
concerns the generation of tool paths, whereas CisBledes many more of the process
planning activities (chapter 3.5). The outcome friina CAM software is a part that meets
dimensional requirements (at least theoretically).

3.7 Simulation

Most CAM software allow simulations of the NC pragr. The simulations carried out in

CAM mostly concern verification of tool paths. Thiseans that it is principally the tool

moves during cutting that is simulated and theltesuhat the programmer can verify that the
correct geometries are generated with selected.ttoladdition to this simulation, there are
two more possible simulations to verify that thedarced part fulfils defined requirements.

Collision simulation:The post processed NC program is tested in aavignvironment that
must consist of 3D solid models of machine toolttiog tools, machined part, raw part
geometry and fixtures to verify that no collisioatlveen tools and part, fixtures and machine
occur with the defined set of tool paths. Colliseimulation is an efficient method for 3-axis
machining, but it is indispensible in 5-axis maahin (Lopez De Lacalle, Lamikiz et al.,
2005). The reason why simulation increases in itaooe for machines with increasing
number of axis, is that axes interpolation is mooenplex and thereby making collision
predictability more difficult (Lopez De Lacalle, rakiz et al., 2005). Simulation software are
often used as plug-in software to the CAM systefthoagh some CAM systems have
integrated collision testing (Lopez De Lacalle, liam et al., 2005). However, collision
simulation does not guarantee a problem free mamhiprocess, since it only includes
geometric information. It is in this perspectiveteiresting to investigate the need for
machining process simulations.
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Machining dynamics simulatiorithe simulations provided in CAM software are statnd
deterministic (the same result for each simulatidgyen if CNC machining is a fully
automated process, it still depends on a numbdymdmic parameters that in some cases are
crucial for the result, in other of minor importand he physical machining is complex, since
physical properties are introduced, e.g. work pmegerial, tool material, tool wear, machine
dynamics etc., which can influence the robustnéskeomachining process, economics, and
quality of produced parts.

By using virtual tools instead of testing the N@gmam in a physical setup, using plastic or
wood models, much time can be saved. This is imporin a Concurrent Engineering
perspective. Not only is it time consuming, it calso impose danger to the operator to
machine an errant NC program. (Xiao, Han et al96)9he use of simulations enhances the
need of data connected to process planning. Wittpood models of the simulated system, no
reliable results can be expected.

3.8 Automated work instruction production

In most companies a work instruction for the maehaperator must be developed for each
product/NC program and is usually part of the pssgalan. This instruction can be digital or
analogue. The instructions are written for the nrahtool operator's guidance in
loading/unloading the machine, tool changes, quadisting, machine surveillance etc. The
instructions are often written manually by the @®& planner and in most cases very little
standardisation of language and terms are usedjingethat within a company and between
process planners the work instructions can haverdiit presentations. To use standardised
terminology in work instruction, not only benefttee machine operators, it also enables more
efficient information management in databases, wlsandardised phrases can be reused.
The production of work instructions can also beardgd as non-value adding activities, since
it typically does not contribute to the machiningpgess itself and no optimisation and
decisions are made, merely clerical work. Work ringion production is obviously an
activity subjected for automation.

3.9 Product Lifecycle Management systems

Product Lifecycle Management - PLM (and sometimeferred to as Product Data
Management - PDM) does not have a singular defmitibut several and an absolute
definition is outside the scope of this thesis. ldear a PLM system work as an aid in the
management of products processes and services iindral concept through design,
engineering, manufacture and end of life (Ming, Yral., 2007). It can therefore be a vital
part of the process planning function, which isuaé consumer of data and information. A
CAD model only contains a fraction of the totalamhation that is created during product
development. Different functions in the organisatases different information, but often
some information must be shared (Walsh and Corm2i@d6). There is hereby a need for
collecting all information connected to a producbe more easily available for all who needs
it. PLM has rather recently been recognised asnlessimodel to aid the integration between
people, process and technology in companies (M¥faq et al., 2007). Most commercial
PDM/PLM systems contains the following functionalitvalsh and Cormier, 2006):
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* Management of data consistency to guarantee thisiors of products are executed
throughout the system and linked data;

* Prevention of unauthorised changes of data;
* Management of revision and change histories;
» Control of users so that users not simultaneougtyrgpts modification of data.

Since PLM systems are cross functional, they mage fan interface with all the used aids in
order to guarantee efficient information and datanagement. With increased IT usage,
computer software, the demand and drive for staliskd representation of information and
data increases. This has implications for the whogmnisation regarding implementation of
e.g. simulation software; that data and informatisnavailable and can be retrieved
efficiently. The benefit of having model based mhation is that if input specifications
change during the product realisation, the entiamrpng process must be repeated (Kulon,
Broomhead et al., 2006). These days geometricnmdtion is managed through CAD models
and IT systems, while other information from caggies, database, and engineering standards
must be managed separately without integrated {&alon, Broomhead et al., 2006). This is
one of the main drawbacks of using handbooks aheraton-interactive and product based
information. However, Ref (Pejryd and AnderssorQ&0showed that a complete solution of
a PLM and Enterprise Resource Planning (ERP) sysiemnally can manage all types of
information.

3.10 Knowledge-Based Engineering

In common with many other concepts, Knowledge-Bdsegineering (KBE) lacks a standard
definition and consequently many competing defanis of KBE exist. Ref (Tsoukalas, 2007)
defines a KBE system am intelligent computer program that uses rule-lsh&eowledge
and interference procedures to solve problemsdhadifficult and require significant human
expertise for their solutionsThis definition solely focuses on the use of kiemlge for
producing better decisions. Other definitions f@asuen the reuse and capture of product and
process knowledge (Stokes, 2001). The foundatiolKBE is however the aim of using
knowledge in a more systematic way in order to poedbetter decisions in engineering
processes. An initial approach to process planau@mating can be to free the process
planner from unnecessary repetitive work tasks sashclerical work and repetitive
calculations so that more time can be dedicatectdative work (Kulon, Broomhead et al.,
2006). A Knowledge-Based Engineering (KBE) systeadk the user through the process
(Kulon, Broomhead et al., 2006). The benefit ofsiag parts or wholes of formerly defined
processes is that those processes already havedsted in a real manufacturing setting (see
chapter 3.1.1). Duplication of mistakes are kepa tminimum and energy and time spent on
duplicating already used process activities canubed for process improvements, i.e.
allowing more time for decision makings. (Griev2806)

Personal productivity depends partly on the avditgbto receive, process and act on
information (Kinsky, 1994). When knowledge and mf@ation is discussed, it is appropriate
to include a list of different types of informatioVvhen developing the process planning
function, it is important to distinguish betweefffglient types of information, since they must
be treated differently. Information can be distiistped as follows (Kinsky, 1994):
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* Internal information such as operating procedures, product informatiahstrategies.

« External information e.g. information about competitors, sub-suppligendors and
customers, technological development.

» Degradable informationinformation that is not stored in a permanent fosoch as
information received through human senses.

* Non-degradable informatiorinformation stored permanently, e.g. on paperisk.d

» Structured informationinformation that is produced in a structured fama planned
basis and often created by an information system.

¢ Unstructured information:Information not received in a structured form or a
planned basis, often transmitted by human commtiaica

Information with high quality to the business fupat or operation should meet four

requirements on; relevance, timeliness, completenasd reliability (accuracy and

authenticity) (Kinsky, 1994). These requirements also fundamental for process planning
and it imposes demands on the management of infanma

3.11 Dimensions and measurement of performance

The old devise reads ‘one cannot improve what arenat measure’, which implies that

individual process activities need to be measuredrder to be managed and improved.
Figure 19 illustrates how performance measuremessbenefit the business and company
objectives and goals in a continuous improvemeagmam, where one set of performance
measures and metrics are valid for a certain plademe and accordingly adapted to the

advancements made. When discussing performanceureesmnts, it also essential to define
to fundamental parts of the measurement systemm@stioned a differentiation is made

between a measure and a metric according to the He&nhdard glossary:

A measurds a standard, unit, or result from a measurerfid¢Nt{ 1983);

* A metricis a quantitative measure of the degree to whisfistem, entity, or process
possesses a given attribute (NN, 1990).

A measure without a metric or a value to compaeentieasure against is not worth anything
if meaningful decisions are to be made from the suess (Kankanhalli and Tan, 2004).
Performance measures should be defined accordirtbetcompany strategy — goals and
objectives (Bond, 1999). When measuring an org#nisasystem or a process it is important
to establish the appropriate performance indicajoMany of the performance indicators are
not subject to a standardised definition, but sayewhich is especially the case for
productivity (Tangen, 2007; Murgau, 2009). The latlcoherent definitions of performance
indicators makes it difficult to unambiguously conmitate performance to involved parties.
This thesis will not discuss performance measuredepth, but since performance is central
in this thesis, a few of the most common indicatars shortly presented and reviewed
hereunder:

» EffectivenessEffectiveness is a measure of the achievemeatmfmber of objectives
that maximises the overall benefit of the compatiyngky, 1994) in other words the
ability to get the right things done at the rigime, e.g. establishing the right quality
level that meet customer requirements;
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» Efficiency The quality or degree of effective operationsnasasured against cost,
resources, and time. (NN, 1995);

* Productivity Productivity is often defined as the value adbgdhe process divided
by the value of the labour and capital consumedy,(M995), however many
alternative definitions exists as stated above;

e Quality: The degree to which a service or product meetoousr requirements. (NN,

1995);

* TimelinessThe ability to perform company activities on aggdime. (NN, 1995);

* Value: The function divided by the resources used to m@ish the function. The
function is measured by the performance requiresnehthe customer and resources
are measured in materials, labour, price, time, @bl, 2007) In comparison to e.g.
productivity, a standard exists for value (Murga009).

In this thesis, performance is discussed on morergé terms without specifying it to a
certain set of measures. In performance, cosvitabpart, but almost any non-cost objective
(e.g. quality, speed, flexibility) can be includ€thngen, 2007). In some cases performance
are discussed in this thesis in the sense of effiyi and to some extent quality and
effectiveness, whereas the other performance dioensare merely touched upon.
Effectiveness is important in a process planninggppective since if an organisation or a
process does not produce a service or productati®ters to expectations, it has very little
value to provide it to the market. As delimitatiothjs thesis in general considers the
effectiveness to be met by the studied organisataond focuses on the efficient use of input

resources.
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integral use of performanoeasurements of the company organisation.
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4 Results and discussion

The chapter starts by presenting the appended pagmegorised according to three different
criteria and continues by providing a brief summanfy the papers. Subsequent chapters
present the combined results and a discussion hemwmrding to the research question of
the thesis.

4.1 Paper overview

Table 3 gives an overview of the appended papearsrding to research objective, method
and methodological approach.

Table 3.Categorisation of appended papers

CNC machining process planning

productivity — a qualitative survey

readiness for performance measurements of prpcess

Paper | - Production preparation methodology] in
planning work

Swedish metal working industry - a State of the |Art

investigation
Paper Il - A survey of metal working companigs’

Paper IV - Green machining- Improving the bottgm

line
Paper V - Impact of energy efficiency on CNC

machining

Paper

Thesis/research question

Process planning aids
Control/management of process planning
Process planning method

Process planning performance

Process planning demands \ \

< 2
<. 2
<

Research method
Empirical survey quantitative \ \

Empirical survey qualitative Y

Conceptual \ \/
Experimental Y

Methodological purpose
Exploratory Y \

Descriptive \ \ \/ \/
Presumptive Y Y
Confirmatory
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4.2 Summary of appended papers

The following section summarises the appended gaipethe thesis regarding aim, results
and main conclusions. The specific results of iddial papers will not be included if not of
particular importance for the synthesis. The cimittion from the author of this thesis is also
briefly stated.

4.2.1Paper | - Production preparation methodology in Swdish metal working
industry - a State of the Art investigation

The paper is based on a questionnaire survey ofSthedish metal working industry. It
pointed out a number of interesting questionsiead additional research. The main result of
the study was that the participating companies bake vague knowledge about their process
planning function. Process planning efficiency ubjsctively estimated; hence no metrics
exist for measuring process planning efficiency.aléo pointed out a big potential for
efficiency improvements if better information maeagent were to be employed. One of the
main hypotheses - whether more systematic prodassipg leads to more efficient process
planning, could not be verified. This is possiblgchuse of the unclear quantification of
process planning performance.

Author contribution: The author of this thesis wrote most of the pajple basic research
aim was developed by the co-authors. The surveydata analysis was conducted by the
author of this thesis.

4.2.2 Paper Il - CNC machining process planning productiity — a qualitative survey

Due to a number of questions that were not possibéaswer by paper | due to the employed
research method, a qualitative research methodused to create a deeper understanding of
the metal working companies’ process planning fionctThe paper is based on interviews
with a number of process planners from six differeompanies, with the commonality of
using CNC machining as the principal manufactutiechnology. The main result from the
paper is an understanding of the investigated campaprocess planning automation level.
A five dimensional scale was used to map the comepalevel of automation. It generated an
understanding for process planning developmentsiaed incurring problems. Overall, the
use of computer-aids in process planning was lowthia investigated companies and
consequently a low automation level of processptanwork.

Author contribution: The basic research aim was developed jointly Hy aakhors.
Interviews and analysis were carried out by thé@uof this thesis and the bulk of the paper
was written by the author of this thesis.

4.2.3Paper lll - A survey of metal working companies’ readiness for performance
measurements of process planning work

A lack in objective measurements of process planeificiency, as stated in paper | was the
starting point for investigating the readiness #rnumber of companies to employ a
measurement system for process planning. A fundehpart of improvement management
Is to possess the appropriate and reliable infaomatbout the performance of the processes
that are to be improved. The paper presents aiqoeaire survey to find the presently used
performance measures and the infrastructure ardiness of the companies for extending
their current measurement system to include prop&sming performance measures. The
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paper is of exploratory art and establishes fivaetisions of a performance measurement
system. Aggregated data from the survey showed tti@tcompanies have many short
comings regarding performance measurements in glerirt also for process planning in

particular.

Author contribution: The basic research aim, the survey and analysis e&ried out by the
author of this thesis. The author of this thess® alrote the bulk of the paper.

4.2.4Paper IV - Green machining- Improving the bottom line

Demands on process planning are multidimensiooahesstem from customers, some from
company policies etc. With the ever increasing irtgoice of environmental awareness and
policies, it is important for the process planreuse the available methods to decrease the
environmental impact from machining operationsc8ithe overall objective of the company
Is to reduce manufacturing cost and remain comyetin the market, it is of greatest interest
of the company that reduction of environmental iotpeomes to low costs. The paper
presented available techniques to reduce the emagatal impact and especially energy
consumption from metal cutting operations, suchhasuse of dry and semi dry cutting. It
also highlights the importance for process plant@isave knowledge about specific cutting
energy as method to reduce the total energy consam@f machining. The specific cutting
energy is a function of machining parameters anchina set-up.

Author contribution: The basic research aim was developed the two ttw#s The writing
of the major part of the paper, data acquisitioth ealculations were carried out by the author
of this thesis.

4.2.5Paper V - Impact of energy efficiency on CNC machiimg

Similar to paper IV, paper V investigates the pt&rio reduce the environmental impact
from machining operations. However, the focus ity @mergy consumption, which is the
principal environmental impact from machining. Tagper has a less technical approach than
paper IV and the aim is the investigation of thiatren between cost and energy efficiency.
An extended machining cost model was developedtlamdelation was investigated using a
turning experiment where machining parameters waodified. The results showed that no
inherent contradiction exist between cost and gnefficient machining. This means that to a
great extent cost savings can be achieved con¢wgmenvironmental gains.

Author contribution: The research aim was developed by the author isf tthesis.
Development of the model and experiments were rhgdée author of this thesis as well as
writing the bulk of the paper. Analysis of resultas done by the first and second author.

4.3 Investigation of process planning methodology i n Swedish metal working
industry

Efficiency of process planning work is as describ@dughout this thesis focused to the used
method and the means of implementing better mettmdseet a changing environment and
increased demands performance. Three of the apgerajeers (I, 11 and 1) in this thesis

concern studies of the Swedish metal working ingustwo research methods were used;
guestionnaires and interviews, which had influemcehe sample size of included companies
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and the type of questions that can be posed anteaed. The principal focus of these studies
is the efficiency aspect of process planning andifiig the state of process planning work.

Ref. (Halevi and Weill, 1995) described the progassner work activities work activities to
be distributed as 15% technical decision makindg/4data, table reading/retrieving and
calculations and 45% for text and documentations Divservation was published in 1995 —
14 years ago. During this time, computer-aids hdexeloped considerably. Computational
power has increased many times, the integrationvdset CAD, CAE and CAM has
increased. The same is valid for the possibilif@smodel based information management
through PLM and other systems. In this perspectives industry could have made
considerable improvement in process planning weHere more time and resources could be
dedicated to decision making. However, this couwt ve observed in the studies performed
within the scope of this thesis, although the regealid not focus on investigating this
specifically. The situation appears to be rathemilar to the one observed in 1995. In paper I,
information management was pointed out as a magfficiency of process planning and as
much as 27% of the process planning time in thastrgl is dedicated to data recreation. This
is because already created/used information isysiematically reused. This shows that in
general there is a need for methodologies and regstikat targets this issue. Since the usage
of computer-aids in process planning in many congsais rather underdeveloped, there is a
need to implement systems where data can be ressdthat tedious manual work can be
automated. By using CAM systems rather than mahi@lprogramming, the gain is two
folded; first part geometry information (design aatcan seamlessly be integrated (if
CAD/CAM systems are integrated) and second, lessk we dedicated to tool paths
calculations. These measures potentially have igesinpact on the quality of machining
processes and process planning lead time. PLMmgstarget the working methodological
and information management aspect of process pignbut the overall efficiency of these
systems (especially on a short term basis) carilgpdse questioned, since they often require
substantial resources in administration and invests) which in particular for SMEs are
difficult costs loads to carry. There is conseqlyeaineed for cost efficient systems.

Paper Il showed that for some companies, espeaabycontractors with a high share of non-
regular customers, interface issues confines orteeoproblems for automating the process
planning function (see chapter 3.5). The custordefiver product data and requirements in
shifting format and standards. Paper Il also showed there in general there is little

cconcurrency between process planning activitiess i mainly because the relatively small
size of the companies, where some of the studiethbaaies only have one process planner.
In other companies, most process planning workKiliscarried out in a sequential manner,

thus limiting the possibilities for lead time redioos.

Surveys through questionnaires and interviews asented in this thesis, have not provided
complete information about process planning perboroe and working methods and
appropriate improvement measures to take in oméevelop the process planning function.
This should not entirely be regarded as a researethodology problem, since it also
indicates problems and limited knowledge within therveyed companies for process
planning. This issue is also discussed in appendgeers I-11l. It is also relevant to ask
whether further interviews with metal working comyes will generate more generic results
so that conclusions about process planning inntastry at large can be drawn. To conduct
interviews with a larger sample than conducted wdnd very time consuming and the results
would possibly be difficult to generalise and tlesults would probably be of limited value.
To study the process planning in an even more édngample and performing more in depth
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studies and longitudinal studies, during a progassning improvement program would
certainly provide more valuable knowledge. Whetther stated problems in this thesis are
typical for the Swedish industry in particular ohether it is more of an international problem
as well, is worth mentioning. The presented redults interviews in paper Il was carried out
in three Swedish and three Australian companies afebugh the sample is too small to
make any general conclusions, it did not give amytshof any significant difference in
process planning focus between these two counttieslikely to assume that the problems
described and highlighted in this thesis are glodadl not limited to certain Swedish
companies.

4.3.1 The drives for process planning improvements

The way that companies work with process planniiy @and development could not be

correlated to any of the environment variables tified (see paper I). One possibility is that

the efficiency and the use of process aids depematleer factors than the studied, where one
possible explanation is the human factor. The wewlpeople in the process planning

organisation or other part of the company manageed leadership can be the factor that
drives the focus on process planning aids andiefiby improvements.

Although the investigated companies claim to hawedgunderstanding for the process
planning function’s influence on company objectivBgper | indicated a lack in correlation
between perceived process planning efficiency dra groportion between information
retrieval as part of the total process planningetiffhis suggests a need for development of a
quantification/measurement system of process ph@nperformance. It also suggests more
focus the understanding of the importance of p®cplknning for meeting company
objectives. The exact content and scope of suclrfaqmance measurement system has yet
not been presented in any of the papers. Howeegerpll presents a survey that focuses on
available general performance measures in the Stwedietal working industry, their
prerequisites and foci for implementation of pariance measures of process planning.

As the three papers regarding process planningeifty have shown, there is little focus on
process planning as a strategic function in thepaom. Each of the papers |, Il and lll have
presented that process planning often is a negléotetion. However, the research presented
here has not had the scope of putting the procksmipg function in relation to other
company functions (e.g. accounting, design, engingeand manufacturing) and therefore it
cannot be verified that other functions are treatéd the same unawareness. However, paper
[l presented a survey over companies’ work withasweements of process planning and
manufacturing and the result supports the notiat theasurements as a method to gain
process knowledge, is not widely used and the sobpeasurements are limited.

Effectiveness has not been the principal objedtivéhis thesis (and in appended papers) —
partly because it is even more a matter of org#oisal priorities and arbitrary in its nature in
relation to efficiency. Effectiveness is therebyredifficult to target in surveys (see chapter
3.11). On a company level, process planning canregarded as a function within the
company where the product is a process plan. sngéispective, quality and machining time
etc. are parameters of the effectiveness of praglessing — how well the process planning
function produces process plans that fulfil the pany requirements and ultimately customer
demands.
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Flexibility and process planning — Better flexitylican be reached with a more efficient
process planning function, where resources areratitised, information retrieval is efficient
so that process planning lead time is shortenedhaioprocess planning can meet different
types of input flexibility.

4.4 Environmental aspects of process planning

The main contribution from this thesis regardingrimmmentally benign manufacturing
refers to energy savings in CNC machining. By iasezl knowledge of process planners, the
machining processes can be optimised for cost aedgg efficiency. Minimised process
waste and better utilisation rate of the machiseghat standby times are lowered, will work
in favour to advance towards more environmentadiyigpn and lean production. In this thesis,
the focus is on process optimisations to meet asge demands on energy savings and cost
reductions. The two papers (IV and V) only consither direct machining aspects of energy
savings and excluding the indirect ones (as utitisarate, standby etc.). One important
aspect of using higher removal rates and higheautifiput times as means to increase cost
and energy efficiency also have consequence foetlb@omy of scale, in that the machine
availability increases due to shorter cycle timeaper V provides a dynamic model for
calculating the energy consumption in relationiféedent machining cost components, which
other environmental cost models do not. For exanhfie cycle costing (LCC) does not
regard the energy cost as variable, dependentfiamedit machining strategies, thus providing
little understanding for how various costs are teglaand can be influenced (Enparantza,
Revilla et al., 2006; Dervisopoulos, 2008). Trawhiil machining cost calculation methods
(which paper V’'s cost model is based on) on themtirand do not give information about
energy consumption under different machining patarsein relation to other costs. The
results from paper IV and V show that, not entiragw methods need to be employed
regarding energy efficiency, since the environmlebtnefits to a great extent follow the
economically beneficial curve. There is a tendetlocyternalise external environmental costs
from a governmental side, which means that futumarenmental demands to some extent
will be introduced via the prices of various protuand services. For example increasing fuel
taxes and carbon dioxide emission trade caps wiilllence the price of raw material and
energy use etc., hence the importance to minimeseast of these parameters are enhanced.

As described above, papers (IV and V) providedatives and guidelines for the process

planner for machining parameters selection in otdeachieve energy and cost efficient

machining. However, the investigation is not cortgal@here are a few areas that would need
further research in order for establishing a coteplanderstanding for green machining in the
sense of the relation between cost and environaspects. The experiments were limited

to turning operations, one material, excluding ofseutting fluids.

4.5 Process improvements — what are appropriate mea  sures to take?

The highest and in an automation perspective ictale of process planning can be
considered the fully automatic stage, where a prothodel is the input and a complete and
optimal process plan is generated without requieng human intervention. As described in
paper | and Il, the present industrial situatiofarsaway from this scenario. For rather simple
products process plans can be automatically gestethtough various program algorithms.
However, with increasing product complexity ancemtl and external requirements, these
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possibilities vanish. Natural questions are; ithiate is ever possible to reach?; and if yes,
what would the time horizon be? These questions iamgortant since two principal
improvement routes appear. The one, as alreadyionedt— complete automation and the
second — development of human-centred semi-autonpeiteess planning aids. The latter is
more in the line of the philosophy of continuouspmevements, while the first is more of
breakthrough character. What are the appropriatasures to take to develop process
planning into the future, with increased demandscoat efficiency, flexibility, product
quality and environmental friendliness? For the egah subcontractor company, where
demand and product flexibility is high, the fulljutamated stage, appear distant. For
companies with rather defined products, input amstamers, but with high complexity the
fully automated stage also appear distant, sineg tompetitiveness often are defined from
their skill for innovative machining solutions aadsuring high quality etc. A fully automated
CAPP system, where its nature of interpolationserathan extrapolations is allowed, would
not benefit innovation in machining techniques. Tm@ustry branch where full automation
appears most likely is where companies work closeityh regular customers (to ensure
homogenous input), product complexity is lower, maing lead times plays a secondary part
and demands for innovation and new technologytigerdimited.

There is an inherent problem with process planniegelopment when the company’s
knowledge about the process planning functionlisiéied as it appeared in the surveys, since
improvements and investments cannot systematitalyvaluated. In this perspective it is
important to have knowledge about resource usepfoducing a process plan, so that
investments in computer-aids and other technolbgiwastments have a reasonable pay-back
time. If investment and process planning develogmeannot be economically justified it
will be difficult to defend extra spending. For amufacturer of high cost products as many
manufacturers of aerospace component, where onkimrag error may incur a cost of one
million SEK, only in product cost, it is easieréoonomically motivate investment in process
planning aids. The avoidance of one error can riyugérry the whole investment cost. The
above example refer to the quality aspect of ppésnning improvements, but as discussed
extensively throughout this thesis, process plapmafficiency and effectiveness are other
aspects for making improvements. This can be ifdstl in analogy to Figure 4, where
investment costan replacexplorative process planning cast the figure. The investment
costs must be lower than the reduction in machiprugess planning time and cost. Support
and maintenance of computer process aids mustdbedad in the investment costs, since
some of the systems require substantial resou@esirt. Parameters that influence the
profitability of process aids investments are: camp size, humber of process planners,
number of produced process plans (novel, recuraimg revisions), production batch size,
product complexity (nominal process planning tira&). A company that possess substantial
knowledge about the above should make an investam&sgssment to investigate whether
investments can be justified. A company that dashave the required knowledge will not
have the same possibilities of assessing the imesdts and thereby must act more on gut
feeling and ‘guestimations’, which can prove toabesky project.

Problems with process planning performance carcipatly come as consequence from three
different areas:

» Competence (individual process planner and orghoiga

* Working methodologies

e Process planning aids (Computer aids, checklist} et
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Depending on the type of shortcomings, differenasuees must be taken to manage process
planning improvements. The surveys conducted witha scope of this thesis have been
focused to understand companies’ working methodesognd available process planning
aids. As stated in papers I-lll, there are sevedliciencies regarding these aspects, e.g.
limited use of automated tool path generation, PEjMtem, measurements and limited
management of the process planning function. Tmepetence level of process planner has
not been studied or evaluated in this thesis. HNeweas stated above it is an important area
in process planning efficiency and effectivenessth@it becoming fully engrossed in the
vast area of knowledge, the competence of prodesmgrs can principally be divided into
two knowledge categories. The first is the methodcll knowledge and the second is the
technical knowledge (Figure 20). Depending on themetence level (the ration between the
two), the performance of the process planning foncwill differ and efficiency and
effectiveness in influenced. Methodological knovgedefers to the ability to understand the
procedure of process planning, how various acéisiind factors influence performance and
the act of planning. This is an important areaeispect to the continuous development of the
process planning function. Technical knowledgereete the act of planning a process that is
technically optimal, regarding tools, machining graeters, tool paths etc. Process planner
experience often refers to this. Indications frdme performed surveys give that there are
areas for improvements, especially in the seleatibtools and machining parameters. The
process planner is often dependent on tool venalodéor use established parameters. Often
tool life is the optimisation criteria and machigiparameters are adapted accordingly to
ensure robust processes. This potentially leadsidoe conservative machining processes,
where machine capacity is not optimised for thedpod output. A higher level of the
technical competence regarding metal cutting, weoldtribute to better machining processes
and output, thus higher effectiveness. The efficyeof process planning would likely
increase as well, since the chances for generatingrror free and optimal process plan the
first time increases; the need for iterations deses with more skilful process planners. The
competence level is typically important in a huni@sed process planning function.
Revisions of process plans are one way to impretv@béshed machining processes, so that
best available technology (tools and machining patars) are used. This should be
initialised by the own company in a systematic way.it is often carried out today, revisions
are made when customer demands lower costs or &getool vendors give suggestions for
improvements.

Methodological Technical
knowledge knowledge

N Z N
Low Low

Figure 20. Two types of process planning knowledge

To closer study process planning work through tatuglies could give important information
about the ratio between value and non-value adaatigities and which activities that need
support and development. Paper | pointed to sutigtarmprovements in information

management in the Swedish metal working industingesmuch process planning time is
dedicated to information recreation, which typigad non-value adding work. A possible
solution is the implementation of some PLM systembetter working methodologies and
routines for information management (storage amdexal). Another aspect of information
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management is the management of requirements, hese tare presented to the process
planner and how this influences the output (progdmss and products that correspond to the
input requirements). The research presented in tisis has mainly considered an

organisation with dedicated process planners. Hewav also exist organisations where the

machine operator and the process planner is ondgh@ndame. This situation implies some

differences regarding the development of aids. Mlgr difference is that the operator is not

an expert in process planning in the same waydeslecated process planner is. The operator
does not produce process plans with the same fnegusince process planning is only a part
of the work. This is consequently an area wheréh&urresearch should be conducted to
enhance the understanding.

A possible implementation strategy of process plamnaids could be to start with reoccurring

products or simple products and develop strategmetow to prepare those and from here
start to reduce process planning lead times. T@alosome sort of measures and metrics
should be used to verify that the development ®figable and gives the desired effects.

Figure 21 illustrate a possible human-centred m®cplanning environment, where its

relation to system aids and control functions atuided. A fundamental part of KBE is the

systematic reuse of engineering data (chapter 3vich must be a part of an improved

process planning system as well. Performance measunts (of process planning efficiency

and machining and product effectiveness) fed inéoprocess planning control.

Process planning aids:
Computers, decision
making aids, simulations

Information
management v e mmmm i m e
Performance
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Figure 21.Conceptual understanding of process planning, amsrols, knowledge feedback and performance
measurements as part of a competitive processiptafumction.
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Figure 22 shows a revised version of Figure 12, revla@propriate process planning aids, as
described in this thesis are included. If the riglts are given, the efficiency of process
planning will increase. Better knowledge of datassks will reduce the need for unnecessary
simulations and tests, since the process plannav&nvhether the data was extracted from
handbooks, cutting tests or a real manufacturingagson. This is supported by a PLM system
that classifies data. The PLM system also managesahd activities, so that correct data are
put into the right functions. If non-value addingtigities are automated and managed
efficiently though described aids, time and resesircan be dedicated for decision makings
(Figure 22). Since the process planner becomessthtee of gravity, regarding key decisions,
the competence of the process planner consequmtmes essential for the effectiveness of
process planning. It is then a matter of ensuripgr@priate education and working
methodologies to process planner to be successful.

.| Requirements Experience Data
collection collection collection

\ PLM KBE

[

Concept generation
(Optimisation)

Simulation
software

!

| Test virtual,

e ==

SRR Education
Direct process
planner
interaction
Working
Concept methodologies
decisions

(Optimisation)

Generate process
plan (NC
program, work
instructions etc.)

v

Manufacturing

Figure 22. Revised version of Figure 12, where possible pmga#anning aids are included for efficiency
improvements.
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5 Conclusion

This thesis has presented major characteristipsaaess planning work in the Swedish metal
working industry. This has given a better underditagn for appropriate measures to take
regarding improvements. The main focus of perforreahas been on process planning
efficiency, but effectiveness has also been consttié he thesis has presented an approach to
reach higher process planning efficiency and dffeness through the design of process
planning aids developed around the process plahneran-centred process planning aids. By
focusing on reducing the resources spent on narevatlding process planning activities,
more time can be spent on decision making activitiet adds value in a process planning
perspective. The main findings presented in thesithare:

* A correlation between systematic process plannimg) @erceived process planning
efficiency could not be found in the Swedish metatking industry. This opens up
for studies of other possible explanations for pescplanning efficiency.

» Despite a long history of process planning aidsNCEAPP and PLM), few of these
aids are used in the industry, where manual prop&msning activities are more
common.

* Improvements of process planning performance affecudt in the metal working
industry, due to a lack of performance measuress Tieans that the objective
knowledge about the process planning functionnstéid. Consequently, the impact
from improvements on performance cannot be verified

e Future increasing customer and governmental foausewvironmentally benign
products and production, where energy efficient mraog operations are one
important aspect, can also to a great extent aerehe cost reduction focus of
machining operations.

5.1 Areas of contribution

* Increased understanding for process planning amomagion of process planning
activities. Important aspects of future challengiegrocess planning were highlighted.

» Cost and energy efficiency in machining
* A further developed research question
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6 Future work

From the content and results from the thesis, thmaegr disciplines can be identified that
needs further research (Figure 23). The presemedoeamental aspects in this thesis mainly
concern electrical energy use, and to some extenuse of cutting fluids. This is an area
where further and more comprehensive investigabbnvarious machining parameters,
auxiliary functions etc. can increase the undedstan for the environmental aspects of
machining and thereby their influence on the prege#anning act. It is important to focus on
the development of human-centred process planndsy which are flexible and scalable, so
that present and new demands and requirements, asi@nvironmental demands can be

managed with high performance.

Areas of interest for future
sustainable process planning

Process planning efficiency

Optimisation of process and effectiveness —
Environmental aspects of plan to new demands such develooment of flexible
CNC machining as environmental P -
. and scalable system aids
requirements ;
built around humar
€ 4

Figure 23.Three possible future research activities withinGCCiachining and process planning.

6.1 Research questions

The above presented results and discussions gedeaaget of new research questions that
require due answers for creating a more completienstanding for the design of a human-

centred process planning system. These questiens ar

e How should process planning aids be designed wher&in non-value adding
activities are automated?

* How should new work procedures be designed?

* How should a measurement system to measure prqgaassing efficiency and
effectiveness be designed?

With the introduction of a human-centred processnping system, a few sub-questions
follow that are of interest in a company perspectivhese are:

* What is the impact of the company organisation?

* Are new competences required?
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