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Product design-process selection-process planning integration
based on modeling and simulation

Von Dim Nguyen & Patrick Martin

Abstract As a solution for traditional design process hav-
ing many drawbacks in the manufacturing process, the
integration of product design-process selection-process
planning is carried out in the early design phase. The
technological, economic, and logistic parameters are taken
into account simultaneously as well as manufacturing con-
straints being integrated into the product design. As a
consequence, the most feasible alternative with regard to
the product’s detailed design is extracted, satisfying the
product’s functional requirements. Subsequently, a couple
of conceptual process plans are proposed relied on
manufacturing processes being preliminarily selected in
the conceptual design phase. Virtual manufacturing is
employed under CAM software to simulate fabrication
process of the potential process plans. Ultimately, the most
suitable process plan for fabricating the part is recom-
mended based upon a multi-criteria analysis as a resolu-
tion for decision-making.

Keywords Modeling . Simulation . Product design . Process
selection . Process planning

1 Introduction

1.1 Context

In a context where it is necessary to respond industrial
challenges towards shorter lead times, lower cost and
better customer satisfaction. Concurrent engineering
(CE) was born as a solution to these issues. The
solution of the CE is carried out in a manner that the
different tasks in the product and production develop-
ment process are integrated and performed at the same
time rather than in sequence. Due to the tasks being
implemented in parallel, by integrating product and
process design, this makes a decrease the development
lead time and enhances the quality [1]. Thus, applica-
tion of concurrent engineering as well as integration of
product and process in production is necessary to be
carried out.

In order to do this, it is essential to take into con-
sideration the product’s specifications and the con-
straints of manufacturing process in the design phase.
Presently, the design process concentrates on the geo-
metric model built from the choice of architecture to
respond the structural features of a product. However,
these CAD models merely represent the information in
respect to the product’s nominal geometry after that
they might not relate to fabrication process or will cause
the difficulties in process planning. For resolving these
problems, design for manufacture (DFM) was proposed
with the purpose that combining the manufacturing in-
formation into the product in the product definition
stage [2]. By using this approach, many problems are
avoided thanks to taking into account the manufacturing
constraints during the product design phase. In order to
implement the integrated engineering of DFM approach
(or minimum engagement principle or best least



commitment), it is fundamental to formalize and struc-
ture the knowledge of manufacturing process such as
the rules as well as criteria in selection of fabrication
process so as to integrate in the definition of product.
Due to the fact that corresponding to the various prod-
ucts, different process plans are created. Consequently,
the data of manufacturing process structured and for-
malized is necessary for manipulation in the process of
product definition and selection of fabricating methods.
Nevertheless, a product can be manufactured by using a
process or several processes being generated process
plans. Thus, conceptual process planning has to take
into account in the early design stage. Traditionally,
the design process flows in sequence; as a consequence,
manufacturing processes are determined from the
choices which were assigned in the product definition
without taking into consideration manufacturing con-
straints. At manufacturing preparation stage, these prob-
lems will be able to trouble process planners, and in
turn results in unpredictable difficulties in production
process.

To overcome the drawbacks of the traditional design mod-
el, we adopt an approach of integrated design, in particular
design for manufacture, which allows simultaneous addition
of activities integrating manufacturing constraints. Moreover,
estimating manufacturing cost and lead time in production
process are also integrated in the design process. This concur-
rent engineering design method starts with a target cost for the

product, which the traditional design method has no such
thing. Afterwards, the estimated cost of the product design
and the targeted cost are compared to each other. The produc-
tion process can be only deployed if the estimated cost is
lower or equal to the targeted cost. The illustration of the
concurrent engineering design is shown in Fig. 1.

In the framework of concurrent engineering and
DFM, this paper proposes an approach contributing to
integrated design in which product design, its
manufacturing process selection, and process planning
are carried out in parallel. This contributes to the de-
velopment of integrated design tools such as CAD/CAM
and computer-aided process planning (CAPP), [3–5].

1.2 Issue and objective

Currently, there are several approaches as well as informatics
applications dedicated to selecting manufacturing processes in
order to meet the product’s technical and geometrical charac-
teristics which have been proposed by scientific community as
shown in Table 1.

However, these approaches and applications only take into
account specifications for finishing the product. In other
words, they just support for the selection of manufacturing
process corresponding to each features’ specifications belong-
ing to a product, as well as mechanical products being fabri-
cated by a manufacturing process. On the other hand, in
practice, process planningwith the sequence of manufacturing

Fig. 1 Concurrent engineering as
expressed by prime European
region [S1]



processes is necessary to carry out for yielding complex parts.
In particular, complicated parts, for instance, the forward
steering part of the Shell Eco-Marathon (MASH) vehicle
presented in Fig. 2 owning basic shapes such as disk and tube
are considered in this approach.

The main objective of our work is to propose an approach
in the scope of integrated design considering typically me-
chanical parts generated from two basic shapes consisting of
disk and tube as shown in Fig. 3. This contributes to the
development of generative CAPP systems in which concep-
tual process plans are generated relied on conditions of elim-
ination of incompatible manufacturing processes with the
product design.

This paper discusses two principle matters that are integrat-
ed completely in the conceptual design phase. Firstly, dealing
with the DFM of typically mechanical parts (made of basic
shapes of disk and tube) will be employed. Secondly, taking
into consideration generation of conceptual process plans will
be also operated.

2 Methodology and tool used

2.1 Methodology

The main idea of this approach is to carry out the
integration of product design and manufacturing process

in the early design stage, particularly, from the product’s
requirements, the analysis, and modeling the product’s
functional constraints. Afterwards, several product
models are created with the simplest entities showing
the principal functions of the product. As a result of the
functional models, the preliminary selection of
manufacturing processes being compatible with the
part’s characteristics by using dedicated software in
terms formalized the manufacturing knowledge. The
criteria to select the processes are corresponding to each
part’s functional feature in which the feature’s specifi-
cations are preliminarily determined based upon the
product’s functional requirements. In particular, the in-
trinsic specifications are taken into account according to
this approach such as shape, tolerance, roughness, and
material.

As a consequence of the defined manufacturing constraints
as well as preliminarily selected manufacturing processes
from the dedicated software’s output, the product’s geometric
models and detailed design of which the specifications are
assigned consisting of the specific values of dimensions,
tolerances, roughness, and type of material applied. Obvious-
ly, the integrated design is no longer a sequential method;
instead of that, it is an iterative method as synthesis loop. In
other words, the information exchanges in relation to the
product’s properties and manufacturing knowledge are real-
ized between designers, process planners, and manufacturing
engineers as well. The major activities of the integrated design
process expressed above are rendered with the IDEF-0 dia-
gram in Fig. 4 [8], where the main activities are decomposed
four activities (A1–A4):

– A1: Analyze product’s functional requirements. DFM
actor must take into consideration the product’s demands
and identify functional surfaces satisfying product’s de-
sign requirements.

– A2: Model and characterize product’s functional
surfaces. Modeling functional surfaces under the
form of usage skin and usage skeleton is realized
by CAD tools. Features’ attributes are represented

Fig. 2 Various proposed design
for forward steering part with
combination of disk and tube
shape [7]

Table 1 Comparison of the approaches “manufacturing processes selec-
tion” [6]

Approach Choice of
manufacturing
processes

Choice of
materials

Associated
tool

Economical
evaluation

Ishii Yes No HyperQ/process Yes

Ashby Yes Yes CES n.a.

Gupta Yes Yes Seer-DFM Yes

Boothroyd Yes Yes DFMA Yes

Lovatt Yes n.a. n.a. Yes



by Unified Modeling Language (UML) classes.
Product’s alternatives solutions are created as the
output of this activity.

– A3: Define manufacturing constraints. This activity pro-
poses manufacturing constraints such as tolerance inter-
val (IT) and surface roughness (Ra) being oriented

according to fabrication method. As a result, these
manufacturing constraints will be as the constraints to
select manufacturing process.

– A4: Select processes and identify manufacturing plans
and their constraints. This activity figures out selected
manufacturing processes based on the identified
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Fig. 3 Basic shapes built up the
forward steering part



constraints. Corresponding to each constraint, processes
which are not eligible are eliminated by applying special-
ized software. As a consequence, a list of fabrication
processes is proposed as well as attribute values of
manufacturing interface model are integrated to product
design.

To be more detailed, the concepts used in the IDEF-0
diagram are extracted as follows:

– Expression of demand: orders from customers such as
dimension, batch size, applied loading, lifespan, function-
al surfaces, and mass

– Global design requirements: constraints with regard to
product’s specifications as functional characteristics, geo-
metric shape.

– DFM actor: experts who are responsible as designer or
process planner.

– Features of functional surfaces: planes that model prod-
uct’s main functions.

– CAD tools: dedicated software such as AutoCAD, Solid
works, CATIA.

– UML static structure: one of UnifiedModeling Language
(UML) diagrams.

– Product’s functional models: Functional surfaces of the
product are modeled under the form usage skin and usage
skeleton.

– Functional parameters: functional surfaces’ attri-
butes such tolerance interval (IT), surface rough-
ness (Ra).

– Manufacturing resources: machine tools or machining
centers, tools, equipments such cutting tools, measured
devices, and fixtures.
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Fig. 7 Integration of design model and manufacturing process selection

Fig. 6 Forward steering part [7]
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– Identified manufacturing constraints: values of tolerance
and roughness are determined.

– Manufacturing processes database: information of pro-
cess capabilities taken from engineering handbooks or
resources from the Internet.

– Specialized software: informatics application tools such
as CES EduPack 2010 , IP3FR, OMEGAM,
custompartnet.com.

– Attributes of manufacturing interface model: surface’s
characteristics such as tolerance (IT), roughness (Ra),
shape, and material proposed from fabrication processes’
capabilities.

On the other hand, the principle of manufacturing
process selection is relied on the part’s functional fea-
tures of which attributes including tolerance and rough-
ness identified in the ranges being based upon technical
requirements.

With the recommended fabrication processes, conceptual
process planning is employed in order to propose the alterna-
tives of the part process plans. Subsequently, the proposed
process plans are deducted based on the production demands

including lead-time, batch-size, economic criteria, and so
forth.

As a result, the potential process plans after deduc-
tion are simulated by using the CATIA and DELMIA
software so as to identify manufacturing time as well as
foresee problems being able to occur in manufacturing
process. From the simulated results, manufacturing cost
estimation is considered applied the activity-based cost-
ing (ABC) and cost entity (CE) methods. Finally, in

Table 2 The part’s material properties

Fig. 8 The forward steering
part’s design models



order to support for decision-making of the potential
process plans in selection of the most suitable plan for
fabricating the part, the analytic hierarchy process
(AHP) method is used.

Globally, the progress of this proposed approach is present-
ed in the Fig. 5.

2.2 Tool used

In order to carry out the proposed methodology, the following
several tools are essential to use:

– Modeling languages are used including IDEF0 func-
tional modeling for modeling the product design
activities and UML language for modeling the prod-
uct’s features in which its attributes are presented.
Flowchart diagram provided by MS Visio is also
used to create conceptual process plans. CES

EduPack 2010 and Custompartnet.com software are
used for selecting manufacturing processes [9].

– Finite element method (FEM) is served for analyzing the
behavior of the part.

– Online integrated cutting data module of Sandvik firm is
used in choosing cutting conditions corresponding types
of cutting tools.

– CATIA and DELMIA software is applied for modeling
the product’s models as well as simulating manufacturing
process. The DPM module of DELMIA is used for de-
fining digital processes and manufacturing resources.

– The activity-based costing (ABC) and cost entity
methods are applied for manufacturing cost estimation.
Calculations are executed by MS Excel.

– Analytic hierarchy process (AHP) method is used for
making a decision of multiple criteria.

3 Case study

The case study is a forward steering part, one of the components
of the forward direction system of the Shell Eco-Marathon
(MASH) vehicle as presented in Fig. 6. The part must satisfy
constraints related to two cylindrical surfaces for wearing the
bearings, three holes for fixing the part on the insert, and four
holes for fixing the stops on the steering pivot.

It is necessary to take into consideration the weight con-
straint of the part. Indeed, the principal challenge which needs
to be satisfied is that the vehicle travels the furthest on the least
amount of energy. Therefore, the design of the part is very
important to minimize the part’s weight.

3.1 Analysis and part modeling

A featured-based model is applied in this case study for
process planning where operations of various types are

Table 3 The input data and re-
sults from dedicated software Function Input parameters Output parameters

Surfaces for mounting bearings Shape, circular prismatic

Tolerance, 0.013 mm

Roughness, 3.2

Electric discharge wire cutting

Planning/shaping/slotting

Surfaces for mounting bolts Shape, circular prismatic

Tolerance, 0.058 mm

Roughness, 6.3

Drilling

Milling

Planning/shaping/slotting

Pressing and sintering

Turning/boring/parting

Fig. 9 Analysis of the part’s Von Mises stress



directly assigned to specific features without considering their
interaction (Fig. 7). Starting from the part’s functional require-
ments, each design feature is assigned with a potential
manufacturing process. The specifications of the part are built
on the basis of constraints, resources, and manufacturing
process capabilities. Integration of design model and
manufacturing process selection is shown in Fig. 7.

Based on the part’s functional and technical requirements,
as well as its constraints with the other components in the
system, modeling the part from initial entities relied on its
functions to solid models is carried out under CATIA V5
software.

More specifically, the functional model in Fig. 8a is
generated under the initial entities in which surfaces are
modeled from functional analysis including the surfaces
for mounting bearings and hole surfaces for fitting
bolts.

From this functional model, several manufacturing
processes are selected preliminarily envisaged for fabri-
cating the part. In order to describe the topological
entities, solids are added to show clearly the part’s
geometrical shapes as shown on Fig. 8b. These compo-
nents are solely restricted the functional constraints, but

they are not mounted together. The part’s completely
geometric model created by connecting the functional
solids is rendered as shown in Fig. 8c. This model
expresses fully functional requirements of the part and
serves as a starting point for process planning.

In addition, in order to verify the behavior and interaction
of the part with the forward steering system of the vehicle,
finite element analysis (FEA) with the distributed force of
2000N exerted on the principal shaft is executed. The analysis
is carried out by CATIA software.

The material properties are presented in Table 2. The
maximum yield stress of Von Mises which shows maximum
stress on the whole is shown in Fig. 9.

As a result from FEA analysis with the CATIA, the maxi-
mum Von Mises stress value on the part is 1.68895e+008 N/m2,
being smaller than thematerial’s yield strength of 2.5e+008 N/m2,
meaning that the part’s material and structure are fulfilled the
technical requirements. The part design model is feasible to
manufacture.

3.2 Process selection

As mentioned in previous section, process selection is
realized as soon as the part’s functional surfaces are
built under the initial entities. In order to support for
preliminary selection of manufacturing processes, CES
EduPack 2010 software and Custompartnet.com website
are applied in which manufacturing knowledge is for-
malized. Exploitation of the two informatics applications
is employed based upon the part’s specifications in
which specific values of tolerance, roughness, shape,
and type of material are entered as the input parameters.
As a result, a couple of manufacturing processes are
recommended as processes for finishing the part’s func-
tional surfaces, satisfying the technical requirements.
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Fig. 10 Process planning
methods [10]

Table 4 The information of the part

The part’s information

Shape group Disk shape with unilateral element—no.
213 (ASM handbook classification)

Material Alloy steel: 4140 (AISI/SAE)

Roughness Ra 3.2, Ra 6.3

Tolerance IT10, IT6 (ISO)

Max wall thickness 7 mm

Batch size 20,000 parts per year



In particular, the specifications of the functional surfaces
are used as the input parameters for selecting manufacturing
processes via dedicated software. For CES EduPack 2010
software, tolerance range fitting, roughness, and part shape
are directly entered as input data to get recommended pro-
cesses. The input data and results are as shown respectively in
Table 3.

Apparently, it can be seen that corresponding to each
functional surfaces of the part, there are a few eligible
manufacturing processes. Consequently, a couple of part
designs are generated. Particularly, one of the detailed
designs is recommended with the input parameters for
process planning being shown in Table 4. The part’s
engineering drawing is proposed to validate for design
as presented on Fig. 12.

3.3 Process planning

Generation of process plan is mainly based upon expert sys-
tem as well as process planner’s knowledge and experience
which have been mentioned in [10], shown in Fig. 10 . In
practice, it also depends on resource of a workshop where it is
intended to manufacture the part. Thereby, conceptual process
planning would be done with DELMIA; as a result, virtual
manufacturing process would be simulated with the purposes
of defining manufacturing time and foreseeing unpredictably
issues being able to arise during fabrication process.

In order to facilitate for generating conceptual pro-
cess plans, it is necessary to give types of conditions in
which manufacturing processes are incompatible with
the product’s technical and production requirements.

Fig. 12 Detailed drawing of the part

Fig. 11 The part’s entities to be machined



Four types of the conditions have been defined as
follows [6]:

– Conditions of elimination relative to the limits of the
manufacturing processes

– Conditions of elimination linked to the uselessness of the
manufacturing processes

– Conditions of elimination according to the knowledge of
an expert

– Conditions of recommendation

Sequence

Hot Extrusion

XOR

Cold Heading

Turning

Drilling

XOR

ECM

Wire EDM

Milling

Planning/Shaping/

Slotting

Hot Forging

Eliminated due to
not satisfy batch-
size and lead-time
requirements

Eliminated due to
not satisfy lead-
time requirements

Eliminated due to
condition related to
the uselessness of
the processes

Band sawing
XOR

Circular sawing

Eliminated due to
not satisfy lead-
time requirements
and workpiece
shape

Fig. 13 Generating conceptual
process plan 2



As can be seen from the output’s software in manufacturing
process selection, the part’s functional surfaces are finished by
machining processes in which turning and drilling processes are
compatible with the part’s specifications as shown in Figs. 11 and
12.

From the product’s demands, the authors proposed
three potential process plans which are eligible to

manufacture the part. Furthermore, these process plans
are successful candidates after applying the conditions
to eliminate incompatible process plans as well as rely-
ing on the expert knowledge. They are visualized on the
DELMIA’s product-process-resource (PPR) screen.

As a result, machining simulation is operated with re-
sources existing in the DELMIA’s library such as machines

Fig. 14 Generating conceptual
process plan 4



and tools in which cutting conditions are recommended from
the online integrated cutting data module of Sandvik firm.

The process plan 2 (Fig. 13) is built from band sawing and
forging processes for workpiece preparation, and drilling and
turning for finishing the part, where circular sawing is elimi-
nated due to not satisfying lead-time and workpiece require-
ments. Moreover, both hot extrusion and cold heading pro-
cesses are eliminated because of conditions of elimination of
lead time and batch size. Again, both ECM and wire EDM
processes are eliminated due to lead time requirement.

Milling, planning, shaping, and slotting are removed due to
the condition related to the uselessness of the processes.

Similarly, surface finishing in the process plan 4 is ma-
chined with turning and drilling processes. However, the part
is separated into two components accounting for cylindrical
component and disk component in this case.

Subsequently, the two components are welded together to
complete the part. Likewise, conditions of elimination are
applied for the process plan 4 shown on Fig. 14.

For process plan 5 (Fig. 15), band sawing is applied for
cutting the workpiece from stock. Circular sawing is eliminat-
ed because of not satisfying lead time and higher capital
investment requirements. Afterwards, the part would be fin-
ished by machining process in once fixture.

Scrutinized conceptual process plan 5 is created with PPR
tree under DELMIA that served for simulation of virtual
manufacturing process.

After simulating manufacturing process according to the
three process plans for the forward steering part, manufactur-
ing time is synthesized from the GANTT diagram, with the
result as shown Table 5.

Sequence

XOR
Band sawing

Circular sawing

Turning

Drilling

Eliminated due to
not satisfylead-time
requirements,
higher capital
investment

Fig. 15 Generating conceptual
process plan 5

Table 5 Synthesis of manufacturing process plans

Process Processing time (min)

Process plan 2

Sawing process 18.5

Close die forging process 5.6

Machining process 19.106

Total operation time 43.206

Process plan 4

Sawing process 23.73

Machining process 39.01

Welding process 8.14

Total operation time 70.88

Process plan 5

Sawing process 18.5

Machining process 78.18

Total operation time 96.68

Table 6 Estimated manufacturing cost

Sawing
process

Machining
process

Forging
process

Welding
process

Totals

Process plan 2 9.92 32.07 178.02 n/a 220.01

Process plan 4 15.66 43.16 n/a 2.73 61.54

Process plan 5 40.87 53.08 n/a n/a 93.94



3.4 Manufacturing cost estimation

Manufacturing cost is estimated by using ABC method [11],
where each manufacturing process plan comprises several
processes considered as activities. Thereby, the total
manufacturing cost of a process plan is calculated in the
following formula equation:

Cma ¼
X

i¼1

N

Ci
activity ð1Þ

In addition to that, each activity is estimated based
on the cost entity approach was proposed by H’Mida
[12]. Particularly, each cost entity is calculated in the
following formula [12]:

Cost CE ¼ D� ∑ αR � IRrð Þ ð2Þ

where

D Unique driver chosen for the cost entity
αR Resource R consumption coefficient
IR r Resource R imputation rate

As consequences of the calculations of each process plan,
the total manufacturing and operations costs are synthesized
as shown in Table 6.

4 Process plan selection

In order to make a decision regarding the selection of the most
suitable process plan, analytic hierarchy process (AHP) meth-
od is used with the goal, criteria, and alternatives as shown in
Fig. 16.

Fig. 16 The AHP decision
hierarchy for the decision

Table 7 Judgment matrices with respect to the criteria

The judgment matrix with respect to manufacturing cost

Manufacturing cost Process plan 2 Process plan 4 Process plan 5 Priority

Process plan 2 1 0.28 0.43 0.14

Process plan 4 3.60 1.00 1.55 0.52

Process plan 5 2.37 0.66 1 0.34

The judgment matrix with respect to manufacturing time

Manufacturing time Process plan 2 Process plan 4 Process plan 5 Priority

Process plan 2 1 1.70 2.30 0.49

Process plan 4 0.60 1.00 1.4 0.30

Process plan 5 0.43 0.71 1 0.21



To support for decision makers, the judgment matrices
consisting of weights in respect to manufacturing cost and
manufacturing time between process plans as well as priorities
of them are given in Table 7.

Note that pairwise comparisons are assigned the weights
relied on the calculated results from the estimation of
manufacturing time and manufacturing cost corresponding
to the proposed process plans.

It is crucial for decision makers to evaluate the criteria with
respect to their importance in reaching the goal through the
matrix of comparison shown in Table 8.

After evaluation and analysis of the priorities between the
alternatives, the criteria, and the goal, the final score of process
alternative groups deduces the synthesized results shown in
Table 9.

Based on the analyzed choice of decision criteria, it can be
seen from Fig. 17 that the process plan 4 is the most suitable
process plan for fabricating the steering pivot with the priority
of 0.46 is higher than the others.

5 Conclusion

The works of this paper carried out are to tackle the issue in
terms of the integration of the product’s detailed design and
the conceptual process plan in the early design stage by using
numerical modeling and simulation. As a result, the most
feasible process plan is extracted for the case study of the
forward steering part. The advantages which get from this
approach consisting of that we can foresee are the problems
arising in manufacturing early and correcting the design as
soon as possible. Consequently, lead time as well as the
product’s cost is decreased significantly. Furthermore, this
approach contributes to collaborative design in which product

design and its manufacturing process information supporting
for integrated design tools such as CAD/CAM and CAPP.

Nevertheless, a couple of issues are necessary to be taken
into account in the future works. In the framework of this
project, the quality function deployment (QFD) technique has
not used to assess the process quality as well as FMEA has not
carried out to assess failure modes and estimate failure cost
[13]. Due to the fact that the defect rate is considered as 0 %
and the project has only considered the manufacturing time
and cost of the conceptual process plans.
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