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1. Introduction

Manufacturing competitiveness of the 21st cen-
tury is associated with the computerization of the new
products and processes development and employment of
extensive information. These procedures could not have
been possible without process tool like concurrent engi-
neering (CE) in action [1]. CE is oriented on the possibili-
ties to minimize the product and process development cost
and delivery time in all stages of the product life cycle.
The key part of a product development cycle is the concep-
tual design phase that greatly influences the resulting cost,
quality, product manufacturability and its life cycle pa-
rameters [2, 3]. During the product concept design phase it
is necessary to generate over 3 - 5 versions for each prod-
uct or component for the best solution to be found. This
generation deals with both the product and process design.
The best solution means the lowest cost of the product de-
sign and manufacturing [4].

The inter-enterprise integration, where enterprises
can be combined together to develop, design, produce, and
distribute their common product, enables engineers to use a
virtual prototyping environment more effectively. Engi-
neering in virtual environment helps saving the costs and
time of the product and process development. The key
moment of engineering in virtual environment is virtual
prototyping (VP) using the 3D CAD systems for the new
product design [5] and appropriate software for the design
of a production system [6]. VP can fully carry out all main
functions of the new product development according to the
individual customer requirements in virtual environment.
The use of VP in an organization has refocused product
development philosophy incorporating the notion that
products must demonstrate their value-added market capa-
bility prior to obtaining approval to expend significant re-
sources on product development and production. VP gen-
erates early product characteristics that can be compared
with customer requirements and manufacturing capabili-
ties. New intelligent support systems are necessary for a
successful solution of the above—mentioned tasks.

The research of this paper is devoted to the devel-
opment of a new intelligent support tool for making the
best decision among available product and process alterna-
tives. It discusses how knowledge engineering of product
and process development can help creating the optimum of
a production process. This research is focused on the capa-
bility of various processes and suppliers located in differ-
ent countries and companies to combine the product and
process design, i.e. the number of original and standard
parts, components and their manufacturing. An Integrated
Definition of Function Modelling (IDEF0) technique [7] to
estimate and increase the process capability at the early

product and process design stage has been applied. It con-
siders the contradictions both in product and process de-
sign procedure seeking best performance and also the prin-
ciples of design for assembling (DFA) and design for
manufacturability (DFM). When facilitating the product
assembling process, the fabrication process of product
parts and components gets more complicated and the prob-
lems related to the fabrication process capability can arise.
Mathematical formalization aiming to keep a balance
among the process capability and cost is provided and ap-
propriate software is created. The proposed model is being
implemented for the integration of computer aided design
(CAD) and computer aided process planning (CAPP) sys-
tems.

2. Process capability estimation by IDEF(0 modelling
technique

The problem considered in this paper can be for-
mulated as follows. A designer using computer-aided-
design (CAD) can provide the geometric modelling of a
new product. There are some additional programming tools
as FEM (finite element modelling), BOM (bill of materi-
als), DFA, DFM, etc. coming in assistance to achieve the
desired accuracy, performance, functionality and produc-
tivity of a product within the budget limits of its develop-
ment. A production engineer using computer-aided-
process-planning (CAPP) system has to transform the de-
signed parameters and characteristics of the product into a
suitable process. CAPP is closely related to appropriate
software such as material resources planning (MRP), en-
terprise resources planning (ERP), group technology (GT)
for operations and processes development on estimating
the process costs. CAD and CAPP systems, in general, are
created to operate autonomously. Various external inter-
faces as the connection for hooking CAD to CAPP systems
are used [8]. However, these interfaces can transfer the
data (geometric form, dimensions, tolerances and specifi-
cation) from one system to the other seeking only the in-
tegrity of both systems. Unfortunately, they can neither
evaluate the possible alternatives of the product and proc-
ess nor upgrade them.

Research applying IDEFO modelling technique
could test and evaluate each product and process alterna-
tive to the process capability when dimensions accuracy of
a part is strongly related with low production cost. Process
capability is strictly linked to the product quality and
manufacturing cost. When these parameters are insuffi-
cient, then the developed model suggests generation of
new process with sufficient capability for each product and
process alternative and with minimal production costs.
Interfacing among CAD and CAPP systems using IDEFO



technique is arranged in virtual environment.

An IDEF0 model has a purpose and viewpoint,
and is comprised of two or more pages, each page being a
syntactical element of the model. The A0 page is the con-
text diagram, which defines the inputs, controls, outputs
and mechanisms (ICOMs) for the single, top-level func-
tion, labelled A0O. The context page establishes the bounda-
ries of the system being modelled by defining the inputs
and controls entering from external systems and the out-
puts being produced for external systems. Other pages in
the IDEFO model represent decomposition of a function on
higher page, with the exception of the external system dia-
gram page, which is described later. The number of sub-
functions for any IDEFO function is limited to six, or pos-
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sibly seven, for the purposes of a readable display on a
page.

Fig. 1 presents IDEFO model of process cost and
capability engineering. Diagram context defines product
development by orders, stakeholders’ needs and available
partners. It has 4 sub-functions: process engineering and
configuration, process cost and capability definition, and
managing and implementation of a best alternative. This
diagram has to comprise all necessary relations and inter-
actions among engineering functions seeking minimum
manufacturing cost and suitable process capability indices.
The influence and help of product design and manufactur-
ing partners and suppliers must be taken into account.
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Fig. 1 IDEFO0 modeling. Process cost and capability engineering

The decisive factor for process manufacturing
cost and capability is product design feature (DF), in par-
ticular, geometrical form and qualitative-quantitative pa-
rameters (QQP). The developed DF classifier ranks design
features according to manufacturing hardship applying
various tools and facilities. Designer, therefore, can evalu-
ate product manufacturing cost at the early design stage by
developed IDEFO model and can vary DF geometrical
form and QQP if necessary. Process alternatives’ capabil-
ity also can be controlled. The best process alternative by
two criterions — cost and capability at least can be imple-
mented. Another approach of process quality estimation
with the usage of control charts has been used in research
[9]; unfortunately, it neither evaluates the manufacturing
cost nor quality cost.

New product design is a creative effort attempting
to turn customer wishes into an economically producible
product to be useful all over its life. In most design situa-
tions, compromises among product performance, cost,
quality and delivery time cannot be avoided. Different in-
put data is available, therefore, variation enters into the
product design. Production processes do not always make
perfect products and, eventually, they introduce more
variation and product defects. The capability of a process
refers to its ability to meet the implementation needs of a
product. Capability is not inherent to the process, but rather
it depends on the designer’s expectations [10]. In most
cases, product implementation costs are directly related to
process capability. Making the best choice from the avail-
able product and process alternatives usually is the finding



of trade-offs in each product life cycle stage among prod-
uct development cost, investment cost, and quality vari-
ables that are based on appropriate mathematical tools.

Process capability is measured by its indices. A
process capability index is a measure relating the actual
performance of a process to its specified performance
which depends on the traditions of plant and environment,
peculiarities of equipment, operation, materials and people.
The main characteristic of machined parts in the product is
dimensions’ tolerance T

T =USL—-LSL (1)

where USL is the upper specification limit of a part, mm;
LSL is the lower specification limit of a part, mm;

The most popular process capability indices are
C, and C,; [10]. Machine tool capability C, and process
capability C,; are used to determine the work efficiency
[11]. C, is applied to determine the system’s location in
tolerance limits. The size of deviations from the mean
value of process dimensions will indicate how well the
production is. If the system is not at the centre of specifica-
tion values, the trend of C, is progressing faultily. C,; is
used to determine the average so that the system will work
better in the specification limits. If the system centralized
on the target value, C, and C,; values will be equal. When
the value of C, and C, is 1, this is considered, as the
minimum requirement of the system for some companies.
Alongside this, larger C, and C, values, for instance 2, are
accepted by many companies. C, and C,; are defined by
the following equations [10]

USL - LSL
C =——— 2
» P (2
and
C., = min USL—X}OVX—LSL 3)
’ 3o 3o

where o is the process standard deviation or overall proc-

ess variability, mm,; X is the mean value of the whole
process parameter, mm.

Manufacturing process G of product P is ex-

pressed as a set of various operations O

G=(0,.0,...,0,...0,) )

The value of process capability indices is calcu-

lated for each operation O, , and hereby a lot of C, and C

for the whole process G could be defined. The critical op-
eration in a defined lot is that having the minimum value of

C, or Cy index. C;™ =1 and C,* =2 are the minimal

and maximal values of the acceptable capability indices
seeking the minimal process costs. On the other hand, the
value of process capability indices with process costs K in
this research is related also. If any machine tool has ac-
ceptable index C, and any manufacturing process has ac-
ceptable index C,, but both have unacceptable cost K, it
means they are not competitive for the considered part or
component. In such a case, it is necessary to look for other
more competitive process, machine tool or exchange com-
ponent design, or at least to make outsourcing products and
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parts to developing countries. Lithuania is one of such
countries and many SMEs that are keeping their business
producing parts for Western customers are located here.

In piece and serial production often C, = 1 + 1.33,
because companies are using a cost-of-poor-quality strat-
egy that attempts to bring costs to everyone’s attention as a
basis for corrective action. In mass and high-run produc-
tion is used to keep C, = 2, because investments to quality
costs quit for big production volume of parts.

During the concurrent product and process devel-
opment, DFA and DFM approaches are aiming at reducing
process manufacturing costs K, i.e. at achieving K,,;,. Un-
fortunately, when both methods DFA and DFM are used,
they frequently cause conflict situations resulting in insuf-
ficient capability of a product manufacturing process, be-
cause when simplifying the assembling process a designer
reduces the number of product parts inducing the other
parts to become more complicated. The solution of this
conflict situations and search of the best version require
generating a vital number of product and process alterna-
tives checking their C, and K acceptability. Manufacturing
costs K forecasting method of product P, applying re-

search [4] to develop and implement IDEFO model have
been used.

Product’s parts fabrication and assembly opera-
tion time forecasting is related with many statistical data.
Data base (DB) of product fabricating and assembling time
is applied for this reason. DB is specified by product type,
size, functionality and accuracy with appropriate manufac-
turing processes, tooling, facility, and technological opera-
tions, which determine fabricating and assembling times.
The fabricating and assembling operation time in devel-
oped DB is statistically defined by process charts and ap-
propriate machines and tooling are fixed by considered
company.

Next step is the definition of process capability
for each product, process and machine tool alternative.
Designer having process capability and manufacturing cost
data is able to compare each product and process alterna-
tive and make a true decision. Decision making procedure
involves sharing information among sub-functions of
IDEFO0 model (Fig. 1) including product and process re-
designs procedures.

IDEF0 model is created on the software level with
an appropriate DB. The first version of software has been
programmed applying Visual Basic 6.0 programming lan-
guage and Structural Query Language (SQL) query in one
direction, and retrieving a set of answers in the other one.
The developed software generates the available process
alternatives of a product. On the other hand, some alterna-
tives of the product with different tolerances and process
capability indices are available.

The developed IDEF0 model has been tested and
validated in Kaunas University of Technology (KTU),
Laboratory of Integrated Manufacturing Engineering and
Lithuanian medium size company X. IDEFO model has
been tested by a number of process plan alternatives with
different C, and K for various sheet metal design products
and components. According to the testing results and re-
marks of company engineers in the process of model de-
velopment, a vital number of IDEFO model corrections
have been made before sufficient results have been
achieved.



5. Results and discussions

The sequence of IDEF0 model work aiming at the
optimal process plan, manufacturing cost K and C, index
in the product manufacturing engineering stage of a batch
production is shown. A typical situation of Global manu-
facturing (GM) environment is when product developers
and customers are located in Denmark and producer in
Lithuanian medium size company X. Ten similar products
of low carbon sheet metal (thickness 1 -2 mm) designs
with various geometrical form, size, dimensions, parts tol-
erances and surface powder painting were considered. The
fragment of principal data of considered product types are
presented in Table 1. The products consist of various de-
sign features as rectangular and circular holes, slots,
bended flats with dimensions from 3.5 to 500 mm. The
production volume from 50 to 1000 units per year was
fluctuated although some products had achieved 5000 and
even 10000 units per year. In parallel with traditional
stamping presses the modern CNC Laser cutting, punching
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and bending machines also powder painting line for parts
fabrication have been used in this company. The products
assembling applying riveting and welding operations in
specialized manually and robotics operating work places
have been arranged.

Table 2 illustrates the data of critical operations
defined during research. CNC Laser cutting operation of
slots and holes has bad C, values (less than 1) for consid-
ered parts while the rest operations have suitable indices of
machine tool capability. The reason of insufficient process
capability indices is operators and engineers’ low skill and
random errors of cutting process. The necessity of the ap-
plication of CNC Laser cutting operation in small volume
production is defined by part geometrical form and design
features peculiarities. These current research findings are
confirmed by results published in paper [12]. Re-design of
process or tooling also implementation other technical and
organizational means are necessary avoiding considered
erTors.

Table 1
Principal data of considered products
No. Product type Part number Product dimensions Wx Hx L, Production volume Lead time,
mm per month days
1 Product A 5 417x375x202 500 20
2 Product B 10 430x1102x303 350 30
3 Product C 12 417x580x202 900 25
Table 2
Parts accuracy and CNC Laser cutting and CNC Punching operations capability C,
No. Part No. Feature Accuracy, mm Operation C,
1 130 Holes and slots +0.1 Laser cutting 0.92
Punching 2.1
Contour and +0.3 Laser cutting 1.3
positioning Punching 1.8
+0.3 Bending 2.4
All operations 0.1 Stamping 23
2 120 Holes and slots +0.1 Laser cutting 0.96
Punching 2.2
Contour and +0.3 Laser cutting 1.3
positioning Punching 2.4
All operations 0.1 Stamping 23
+0.3 Bending 2.4
3 151 Holes and slots 0.1 Laser cutting 0.97
Contour and +0.25 Laser cutting 2.2
positioning
All operations 0.1 Stamping 2.3

Table 3 shows the manufacturing cost of consid-
ered parts produced by CNC Laser cutting, CNC Punching
and CNC Bending machines. These machines when parts’
production volume is up to 1500 - 2500 pieces per year.
When production volume exceeds 2500 - 3000 pieces per
year, it is better to use traditional technologies applying
presses and dies. Table 4 presents the comparison of manu-
facturing cost of the two parts produced by traditional and
modern CNC technologies. The critical points of manufac-
turing cost applying traditional and modern CNC tech-
nologies for sheet metal parts production are illustrated in

Figs. 2 and 3. Both figures show that CNC machines can
be used when production volume of parts are slightly in-
creasing from critical points because they are rapid and no
investment to dies with risky to use them in future.

6. Conclusions and further work

The growing complexity of new products and stiff
competition in marketplaces enhance the demand to mini-
mize product and process development costs and delivery
time to customer in all stages of product life cycle.
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Table 3
Manufacturing cost of considered parts produced by various CNC machines
Total cost Total cost
No Th Perimeter, | Number of | Punching Laser cut- Bending (punching (laser cut-
) ’ mm bends cost, € ting cost, € cost, € & bending), ting &
€ bending), €
Product A
130 0.011 1038 5 0.450 - 0.712 1.162 -
105 0.01 955 4 0.409 - 0.570 0.979 -
900 0.061 3139 4 - 4.16 0.571 - 4.731
Product B
120 0.027 1720 4 0.531 1.84 0.572 1.103 2412
151 0.015 2192 8 0.613 2.34 1.139 1.752 -
105 0.008 806 7 0.327 0.57 0.996 1.323 1.566
8 18
7 Traditional 16 — Traditional
6 stamping 14 1 stamping
I O CNC laser 24 ] e CNC laser
@ cutting @ 0 cutting
% 4 @
o o 8 u
O, | O
3 6
2 - 4
. 2 .
0 T T T T 0 T T T T
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
quantity quantity
Fig. 2 Part no 120 manufacturing cost Fig. 3 Part no 900 manufacturing cost
Table 4 main of them being a relative narrow area of manufactur-
Comparison of manufacturing cost the different ing systems, products and processes to which it could be
processes applied.
Part Future work will focus on the expansion of the
Sort of cost No 120 a No 900 variety data and features in the developed frames, in par-
- 0 0 ticular, the number of product types, processes and opera-
Dies COSt’€ 3890 8852 tions aiming to overcome the existing limitations of pro-
Part stamping cost, € 0.09 0.18 posed approach.
Part CNC laser cutting cost, € 1.84 4.16

The proposed IDEF0 model for product and proc-
ess design will increase the level of integrated activity in
organization and will reduce the risk of implementing new
products, processes and operations. It was shown that ca-
pability and manufacturing cost analysis helps to determine
the ability for manufacturing between tolerance limits and
engineering specifications. Process capability analysis can
be applied not only to production process but also to ma-
chine tool. Capability and manufacturing cost analysis
gives the information about changes and tendencies of the
system during production.

The development of improved intelligent support
for modelling concepts in virtual environment of manufac-
turing domain applying knowledge engineering has been
emphasized. It is grounded on the research done in the in-
tegrated knowledge-based inter-discipline study program
for geographically dispersed organizations. The appropri-
ate software has been programmed, tested and validated for
confirmation of the theoretical consumptions. Unfortu-
nately, the developed approach has some limitations, the
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A. Bargelis, A. Stasiskis

GAMYBOS PROCESO GALIMYBIU [VERTINIMAS IR
GERINIMAS NAUDOJANT IDEFO MODELIAVIMO
METODIKA ANKSTYVOJOJE GAMINIO
KONSTRAVIMO STADIJOJE

Reziumé

Straipsnyje pateikta IDEFO modeliavimo metodi-
ka, leidZianti jvertinti gamybos procesuy galimybes ir sa-
naudas ankstyvojoje gaminio kiirimo stadijoje. Nagrinéja-
ma prieStara tarp gaminio kokybiniy parametry ir gamybos
sanaudy, naudojant konstravimo gamybai (DFM) bei rin-
kimui (DFA) palengvinti principus. Sis uzdavinys tampa
gerokai sudétingesnis jvertinant gaminio rinkimo procesus.
Atlikti tyrimai padeda atrasti geriausia kokybés ir sanaudy
santyki tarp galimy gaminio ir gamybos procesy alternaty-
vy. Pateiktas matematinis sukurto modelio formalizavimas
bei programa kokybés sanaudoms ivertinti. IDEFO modelis
integruoja kompiuterinio gaminio konstravimo (CAD) ir
kompiuterinio gamybos technologijos projektavimo
(CAPP) sistemas siekiant proceso pastovumo ir mazesniy
gamybos sanaudy ankstyvojo gaminio konstravimo metu.
Sis integruotas projektavimo modelis naudojamas pramo-
néje ir techniskyjy universitety studiju procese.
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A. Bargelis, A. Stasiskis

IDEFO0 MODELLING TECHNIQUE TO ESTIMATE
AND INCREASE THE PROCESS CAPABILITY AT
THE EARLY PRODUCT DESIGN STAGE

Summary

The paper deals with IDEFO modeling technique
to estimate the process capability and manufacturing cost
at the early product design stage. It considers the contra-
dictions that arise in product design procedure when seek-
ing its best performance and minimal manufacturing cost.
Applying the principles of design for assembling (DFA)
and design for manufacturability (DFM), when facilitating
the product assembling process, the fabrication process of
product parts gets more complicated. The research done
can help finding the best decision of quality and lean
manufacturing among available product and process alter-
natives. Mathematical formalization of the developed inter-
facing model is provided and appropriate software is cre-
ated. The proposed interfacing model is being imple-
mented for the integration of computer aided design
(CAD) and computer aided process planning (CAPP) sys-
tems. This integrated model is used in industry and in uni-
versities also for study process.

A. Baprsumic, A. Ctacumkuc

IDEFO0 TEXHUKA MOJIEJINPOBAHWA JIJIs1 OHEHKI
N YBEJIMUYEHN A CITOCOBHOCTH
[TPOU3BOJIUTEJILHOI' O ITPOLIECCA B PAHHEI
CTAIUU ITPOEKTHUPOBAHUA ITPOAYKTA

Pes3omMme

B nmyOnmkanuu npesicTaBieHa O TEXHHKa MoOjie-
mpoBanust IDEF0, nmo3Bosstromniast OleHKy COCOOHOCTH U
CTOMMOCTH ITPOM3BOANTEIBHOTO TIpoliecca B paHHEH cra-
JIMM TIPOCKTUPOBAHUS NpOAyKTa. PaccmarpuBarorcsi mpo-
TUBOPEYHSI B NPOLEAYpPE MPOCKTUPOBAHUS NPOJYKTa MPHU
TIOWCKE €ro Jydmel paboTOCIIOCOOHOCTH M B NPHHIUIIAX
MIPOEKTUPOBAHMUS I JieTkoit codmpaemoctu (DFA) u mer-
koit uzroropnsiemoctu (DFM). [Ipu obmeruennu mporecca
cOOpKH, TIPOLIECC N3TOTOBJICHUS JEeTaNeil IPOayKTa CTaHO-
BUTCA Ooiyiee CIOXHBIM. [IpOM3BENCHHOE MCCIIEIOBAHUE
MOXET MOMOYb OOHAPYKUTH JIydIIee COOTHOIIECHHE Kade-
CTBa M CTOMMOCTH HPOU3BOJICTBA CPEAU BCEX JOCTYITHBIX
IbTEPHATHB IMPOJYKTa M Ipoliecca n3roToBieHus. [Ipen-
JIOKEHa MaTeMaThdeckas (popMaiiu3anusi pa3padoTaHHOTo
UHTEp(EHCHOr0 MOJYIS U CO3[JaHa COOTBETCTBYIOIIAS
nporpamma. [IpeuiosKeHHBIE MOIYJIb WCIONB3YeTCs IS
WHTErpaluy CUCTEM aBTOMAaTHU3MPOBAHHOTO MPOEKTHPOBA-
Hust (CAD) m aBTOMaTH3MPOBAHHOTO IUIAHUPOBAHUS IIPO-
neccoB (CAPP). Ora nHTErpNpoBaHHAas MOJIEIb MCIIOIb3Y-
eTcsl B NMPOMBIIUIEHHOCTH U B MpOILECcCe NMPENoJaBaHus B
YHHUBEPCHUTETAX.

Received 26 March, 2008



DOI: 10.5755/j02.mech.15081



