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Abstract. Models for Manufacturing is a new approach proposed by the authors
to apply Model-based Systems Engineering concepts to Manufacturing. The
methodology under development is supported by a 3-layer framework (re-
ferred to as Data Base and Interfaces, Ontology and Software Tools layers)
and simple and easy-to-use software tools. This work presents a preliminary
implementation of Models for Manufacturing to SPIF, an innovative incre-
mental sheet forming that makes use of CNC technology and usually requires
a numerical study to validate the manufacturing process. The work introduces
the proposed methodology and presents the model in development with spe-
cial emphasis on the Ontology layer.

Keywords: Models for manufacturing (MfM), Model-based systems engineer-
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1 Introduction

Model-based Systems Engineering (MBSE) is a methodology that uses computer
aided graphical modelling authoring tools to design and simulate complex systems
and specify their functions and behaviours. MBSE has emerged as a viable method
for multidisciplinary collaboration of stakeholders, communication of ideas and in-
crease of productivity and quality [1]. MBSE results in models and their associated
behavioural abstraction that enable more robust systems engineering [2]. MBSE has
conducted several works in the aerospace and automotive industry during the last few
years [3], with hundreds of developments focused in Functional Design processes.
However, only recently the interest is turning to manufacturing and related tasks per-
formed during the production phase, such as Industrial Design of the product, assem-
bly, balancing lines or configuration and change management, among others.

Modelling of manufacturing systems in the aerospace industry has been investigat-
ed by some of the authors in recent years [4-6]. Recently, Models for Manufacturing
(MfM) has been proposed by the authors as a new approach to apply MBSE concepts
to Manufacturing. The novelty of the proposed MfM methodology consists of the
development of a reference 3-layer framework based on the definition of a manufac-
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turing ontology and enabling simulation, behaviours and analytical capabilities. The
three layers of the framework are referred to as Data Base and Interfaces, Ontology
and Software Tools layers. This work focuses on the development of the Ontology
layer whereas aspects related to system architecture and methodological approach of
MfM are further discussed in [7]. The MfM methodology is still in the preliminary
phase.

The MfM methodology is planned to be applied to different manufacturing tech-
nologies of interest to the authors’ research, such as assembly processes of acronauti-
cal components, CNC machining and metal sheet forming processes. This work pre-
sents a preliminary implementation of MfM to an incremental sheet forming process:
Single-Point Incremental Forming (SPIF). This novel technology is a flexible and
economical manufacturing process with a great potential for the manufacture of small
and medium-sized batches of parts with a high degree of customization [8]. SPIF
combines several simulation technologies that makes it very attractive to its imple-
mentation by MfM, such as CAD/CAM modelling, CNC machine control and analy-
sis of elasto-plastic material behaviour by FEM (Finite Element Method). Further-
more, the research work on SPIF by some of the authors has also motivated the choice
of this manufacturing process [9-13]. Next sections briefly introduce the proposed
MfM methodology, describe the most relevant aspects of manufacturing by SPIF,
present the current state of the SPIF model and discuss the results obtained.

2 Methodology

The proposed MfM methodology is supported by a 3-layer framework referred to
as Data Base and Interfaces, Ontology and Software Tools layers. The MfM method-
ology is carried out through the following steps:

1. Create the system scope to define the limits of the model.

2. Define the ontology (Ontology layer).

3. Define behaviour (Software Tools layer).

4. Instance the data bases through the interfaces using the defined ontology (Data
Base and Interfaces layer).

The system scope is needed because manufacturing is a large and wide part of the
lifecycle and models can cover several topics. The scope clearly establishes the main
concepts of the model related to manufacturing activities or functions, materials,
equipment, tools, design, modelling, simulation, analysis, etc. It must be approved by
all stakeholders before defining the next steps of the system ontology.

The Ontology layer is the core of the 3-layer model and is supported by models
that are easy to read, understand, reuse and enrich. It provides the tools and methods
necessary to collect knowledge of the manufacturing system. It is defined by the sys-
tem scope applicable to the model, the data model and semantics itself, and the simu-
lation requirements or behaviours.

The Software Tools layer allows analysing different models and instantiating real
cases from models. Its implementation depends on the type of manufacturing model



and related simulations. Previously, the system scope has already defined the func-
tionalities that should be implemented in this layer and even the tools to be used.

The Database and Interfaces layer is being implemented by PLM solutions to man-
age all the information related to the models and their use. The proposed methodology
aims the use of simple tools that allow to easily write an ontology to discuss with
skilled people in a collaborative way.

3 Single-Point Incremental Forming (SPIF)

Incremental forming is an innovative sheet forming process that makes use of
computers and CNC technology to plastically deform a raw material through the pro-
gressive and local pressure of a small-size forming tool. This technology has been
used for the last few years to obtain a variety of industrial parts due to its benefits
compared with conventional manufacturing processes, such as non-dedicated equip-
ment requirements, dieless process, flexibility, low costs and improvement of material
formability, among others. Many variations of incremental forming have been ex-
plored, but by far the most widely used is the single-point incremental forming (SPIF)
configuration [8].
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Fig. 1. Basic components to produce a cone by SPIF: (a) recently started process; (b) schema of
the tool trajectory; and (c) finished sheet part.

Figure 1 presents the basic components of the SPIF process: the blank sheet, the
forming tool, and tools for clamping and holding the sheet in its position (blank hold-
er and backing plate). The backing plate opening defines the maximum working area
of the forming tool. The tool trajectory is generated by a CNC machine. The tool ac-
tion is performed on the front surface of the sheet and there is no backup die support-
ing the back surface.

SPIF is mainly applied in the automotive and aeronautical sectors, either to obtain
functional parts or prototypes, as well as for biomedical prosthesis [9]. Figure 2 shows
some CAD models and manufactured parts by SPIF carried out for experiments that
demonstrate the viability of the process [10]. Part design as well as tools definition
and programming of CNC code are carried out frequently by conventional machining-
based CAD/CAM systems. Often the SPIF process is decomposed in several forming
stages to homogenize deformation. Thus, the design of the forming strategy is a fun-
damental factor to take into account to produce successful parts using SPIF.



Fig. 2. CAD models and sheet parts manufactured by SPIF.

The design evaluation of the SPIF process is carried out through simulations of
both tool movements and material deformation [11]. The former are accomplished by
analysing tool trajectories and collisions in the CAD/CAM system. The latter simula-
tions are achieved through numerical studies by finite element analysis (FEA) sys-
tems. Figure 3(a) illustrates a numerical simulation of a SPIF process to produce a
circular hole-flanged part [12]. Typical objectives of these studies include the calcula-
tion of forces and geometrical deviations after elastic spring-back, and the evaluation
of sheet failure, among others.
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Fig. 3. Analysis of a hole-flanged sheet part manufactured by SPIF: (a) numerical study by
FEA,; (b) setup for capturing digital images of a manufactured specimen; and (c) analysis of
strains by DIC techniques.

Sheet parts manufactured by SPIF are inspected according to the quality and in-
spection rules of the manufacturing organization. Figure 3(b-c) presents a dimensional
inspection of the hole-flanged part using digital image correlation (DIC) techniques
[13]. The technique used in this example consisted of marking the sheet with a circle
pattern before the forming operation and measuring the strains of resulting ellipses by
the DIC software. For pieces rejected by the quality control, manufacturing issues are



evaluated to find the most appropriate solution which includes modifications on blank
sheet, forming tool, holding devices or tool movement strategies.

4 Results

4.1  Scope Model

The Scope model for the SPIF process is developed with IDEFO [14] diagrams.
IDEFO assists the modeller in identifying what functions are performed (represented
as boxes, see Figure 4) and what is needed to perform those functions (labelled ar-
rows) in four categories: inputs, outputs, controls and mechanisms. The main function
is Produce Part by SPIF that transforms the input Raw Material into the output Fin-
ished and Tested Part, according to controls Part Model and Quality and Inspection
Rules, and carried out with mechanisms NC Machine, Forming Tool and Tools. An-
other relevant mechanism is PLM System that represents software tools used to gener-
ate the NC program and analyse the SPIF process. Since the blank sheet, the forming
tool and tools are customized to produce each sheet part, their definitions are also
modelled as an output SPIF Setup Definition of the main function.
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Fig. 4. Scope definition for SPIF with IDEFO diagrams: Produce a part by SPIF (level A0).

The current Scope model contains many IDEFO diagrams but only two are shown
in this document. Figure 4 displays the decomposition of the main function into three
subfunctions that operate simultaneously with each other, while the interface arrows
constraining when and how operations are triggered and controlled. For example, Part



Model is a control element used to Define NC Program and Manufacture and Inspect
Part (for inspection) but not to develop Finite Element Analysis (FEA). Part Issues
represents all the possible problems predicted by FEA (FEM Simulation Issues) or
found when inspecting the part (Finished Part Issues). NC Program and Technical
Documentation are generated from Define NC Program which are required to control
FEA, manufacturing and inspection of the part.
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Fig. 5. Scope definition for SPIF with IDEFO diagrams: Define NC Program (level Al).

Figure 5 represents a lower level IDEFO diagram to detail function Define NC Pro-
gram. As can be seen, Part Model is used to Define Blank and Tools, Define Forming
Tool and Define Forming Strategies using a CAD/CAM System (note that this mecha-
nism is "tunnelled" in Figure 4 as represented as a shippet of the arrow in brackets,
which means that is a mechanism element for all subfunctions). The function Define
Forming Strategies generates a SPIF CNC Model that contains decisions about num-
ber of stages and geometry of manufactured parts between stages, as described in a
lower level IDEFO diagram. The SPIF CNC Model is used to Simulate and Generate
NC with the CAD/CAM system. Figure 5 also shows that if NC Program Issues oc-
curs, they must be resolved by modifying the definition of forming tool or forming
strategies.

From the Scope model, IDEFO "inputs” and "outputs" are used as main classes of
the ontology whereas "functions™ and "mechanisms” will be used to implement the
Software Tools layer. However, a "control” element can be either an ontology class,
as is Part Model (see Figures 4 or 5), or an object for the Software Tools layer, as is
Quality and Inspection Rules (see Figure 4). In the current system prototype, a tag has
been added to IDEFO element names to allow the system to recognize the ontology



classes from those that are not. This tag has been removed from this document for
clarity. Nevertheless, this solution is provisional and will be replaced by a more func-
tional one in future developments.

Once the Scope model is finished and approved by the work team, the IDFE@
model can be uploaded to the system (in IDL format) and converted to an OWL doc-
ument containing the main classes of the ontology. This document can be downloaded
and opened with IHMC CMapTools software to define the Data Model as a concept
map.

4.2  Data Model

A concept map or conceptual diagram is a graphical tool for structuring and repre-
senting knowledge. In the proposed methodology, the modeller organizes the con-
cepts or main classes (represented as boxes, see Figure 6) in a hierarchical structure,
creates relationships between concepts (as labelled arrows) and enriches the concept
map by adding new concepts and attributes.
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Fig. 6. Ontology definition for SPIF with concept maps.

Figure 6 depicts the concept map for the SPIF process. The focus question is:
"How is a sheet part produced by SPIF?" The most general concepts are at the top of
the diagram and can be described as follows: the Finished and Tested Part is manu-
factured with the SPIF Setup Definition and the NC Program and, given that the part
has been already tested, it has no Finished Part Issues; the SPIF Setup Definition is
modelled by a SPIF CNC Model in order to generate the NC Program; and the Fin-
ished Part Issues can be of different type: Part Issues, NC Program Issues or FEM
Simulation Issues.



The concept map elements in Figure 6 have been arranged inside dotted boxes to
highlight three fields of knowledge of the proposed ontology. The former represents
the definition of physical components of the SPIF Setup Definition: blank, forming
tool, etc. The second group depicts the SPIF CNC Model to be developed in a
CAD/CAM system to design the SPIF process and generate the NC Program. The
latter represents the SPIF Numerical Model to simulate the Tool Trajectory and ana-
lyse the SPIF process in a FEA system to overcome any FEM Simulation Issue.

In the proposed methodology, a secondary class of the Data model is a class added
to the concept map that was not included in the Scope model. Some secondary classes
have been added to the concept map for SPIF to illustrate this concept, represented as
boxes with underlined name in Figure 6. For example, Blank Holder, Backing Plate
and Rig were included as "children” of Tools Definition, see the lower left corner of
Figure 6. Actually, whether these classes are primary or secondary depends on the
degree of detail of the Scope model. Indeed, the above secondary classes would be
primary if the IDEFO element Tools Definition of the Scope model would be decom-
posed into Blank Holder, Backing Plate and Rig in a similar way that SPIF Setup
Definition (see Figure 5) was decomposed into Blank Definition, Tools Definition and
Forming Tool Definition in order to be related with different IDEFO functions.

A valuable feature of the proposed methodology is the reuse of other ontologies,
already existing or to be developed. The relationship between classes of the proposed
ontology for SPIF and classes of other ontologies is implemented through secondary
classes in the concept map. For instance, the following secondary classes in Figure 6
aim to fulfil this purpose: 3D Model and CNC Model represent the CAD and CAM
models of CAD/CAM systems, respectively, and FE Model is used by FEA systems.
The related ontologies as well as the data type of class attributes (integer, string, etc.)
are set at a later stage of the proposed methodology. Class attributes are represented
as simple labels at the end of arrows in Figure 6.

5 Conclusions

A new methodology based on a 3-layer architecture has been proposed for model-
ling manufacturing systems. In this work the methodology has been applied to an
innovative incremental sheet forming (SPIF) and the development of both system
scope and ontology has been presented.

It can be concluded that designing the system scope model among all project par-
ticipants is an efficient method to establish the starting point for development of both
Ontology and Software Tools layers. Furthermore, the combination of more than one
modelling technique allows to define a more robust ontology from different perspec-
tives. In this work, IDEFO diagrams and concept maps have been used to define a
successful ontology for SPIF. Nevertheless, the proposed methodology is not limited
to these two schemes of knowledge representation and could be replaced by others
more suitable in future developments.

The current project is still under development and further work is required to eval-
uate the success of the proposed methodology. Future work includes the implementa-



tion of the Software Tools layer, the instantiation of real cases from the ontology
model and the investigation of alternatives to computer modelling tools.
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