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La indústria aeronàutica té una gran complexitat en tots els seus projectes, amb 

variables que s'han d'observar en de cada procés i en les quals qualsevol error comporta un 

cost addicional en el desenvolupament d'un projecte. La funció principal d'aquest treball és 

mostrar el procés de disseny i desenvolupament d'un  sistema automatitzat capaç de calcular 

els costos de fabricació de peces de xapa en la indústria aeronàutica a partir de múltiples 

paràmetres heterogenis.  Per a aquest desenvolupament s'estudiaran conceptes sobre els 

processos de conformació pels quals han de passar les peces, així com la comprensió del 

procediment de fixació de preus de peces complexes i la definició de regles de negoci per, 

així, dur a terme les regles d'estructuració i el desenvolupament  d'una ontologia que 

comprengui totes les variables necessàries. La implementació de la solució es basarà en la 

construcció d'una ontologia en format OWL juntament amb el desenvolupament d'un 

programa en el llenguatge de programació Python, que usarà funcions i biblioteques per a la 

inserció i integració d'ontologies. En finalitzar la implantació i desenvolupament del sistema 

automatitzat, el resultat serà l'aplicació d'aquesta solució en una peça real per a obtenir-ne el 

valor de cost estimat, tenint en compte les seves particularitats i altres variables i paràmetres 

de procés. 
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The aeronautical industry has a high complexity in all its projects, which have variables 

to be observed within each process, in which any error that occurs brings an additional cost 

in the development of a project. The main role of this work is to show the process of 

conception and development of an automated system capable of performing the calculation 

of the involved manufacturing costs of sheet metal parts in the aeronautical industry based 

on multiple heterogeneous parameters. For this development, concepts about the forming 

processes that the parts must go through will be studied, along with the understanding of the 

pricing procedure for complex parts and the definition of business rules in order to perform 

the structuring rules and the development of an ontology that involves all the necessary 

variables. The implementation of the solution will be based on the implementation of an 

ontology in OWL format together with the development in Python programming language, 

using functions and libraries for insertion and integration of ontologies. At the end of the 

implementation and development of the automated system, the result will be the application 

of this solution on a real part to obtain the estimated cost value, taking into account its 

particularities and other variables and parameters of the process. 
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1. Introduction 

1.1. Context 

 Aviation is one of the branches of aeronautics, which can be defined as "a high-tech 

industry that is characterized by complexity and sophistication and that, in this way, supports a 

developed nation in order to ensure its technological independence" (ETTAIBI, 2021). Therefore, 

as aeronautics is an extremely complex science with an exceptionally large number of variables 

to be observed, the process of designing and manufacturing an airplane also has a high degree 

of difficulty. The process of developing, designing and manufacturing an aircraft involves people 

from different areas and, for this reason, the chance of error in any of the processes is very high, 

which in turn generates costs for the company that produces the aircraft. In addition to what 

has already been said, most of the components that make up the construction of the aircraft go 

through some procedure of forming material that, through a manufacturing process, becomes 

a useful component for some area. The application of the forming process is interesting when 

the components have a geometry that is moderately complex and there is a high production 

volume, so that the tooling cost per unit produced remains low. This resource also becomes 

attractive in cases where the properties and metallurgical integrity of the components are of 

extreme importance, as is the case of cargo aircraft, jet engines and turbine components (T. 

ALTAN et al., 1983). 

 One of the objects of study for this research is the Airbus aircraft, the A400M, which will 

be the instrument of information extraction so that the data and parameters of the parts inside 

this aircraft are able to be applied to the research field of this work or to future works in the 

same study area. To get a sense of how complex the manufacturing process of this object of 

study can become, the Airbus A400M is composed of almost 700,000 parts where all these parts 

are designed and manufactured in different countries around the world, as shown in Figure 1 

(F.MAS et al., 2013): 
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Figure 1 Industrial division of the A400M aircraft (F.MAS et al., 2013) 

 

 In the case of application and construction of this research proposal, the concept of 

ontology will be applied with the purpose of understanding the cost of manufacturing parts, and 

it can be defined as "a formal description of all entities of a domain and the existing relationships 

between these entities" (LAMY, 2021). The construction of the ontology will also be part of this 

research project, making use of the advances made by the research work group in this area, 

along with the background on the subject and the understanding of how the process of forming 

parts is applied within the aeronautical industry. The cited elements will be key pieces for the 

development of the final product of the work.  

 Furthermore, since there is a difficulty in the process of generating the necessary 

expenses for the manufacture of a metallic part, the result that the research will generate will 

be an expert software capable of calculating this manufacturing cost of metallic components, 

being made possible in the Python programming language, together with any library and 

function necessary for the integration of ontologies with the concepts of conformation of 

aeronautical parts. Besides an extremely valuable tool for the industry as a whole, there is a 

contribution also with the concept of Product Design and Manufacturing Knowledge-Based 

System (PDMKBs), indicated and defined in Szejka (2022), so that this concept makes the 

integration between manufacturing models and the "semantic Web". The software to be 

developed will be considered one of the examples of application of this system conception, 

enabling other applications within the same study axis. 
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1.2. Problem 

 The theme of Industry 4.0 brought about several changes within the general industrial 

market, forcing the use of classical production methods and establishing new patterns of 

adaptive and automatic systems and production networks, causing improvements in product 

quality, reduction in the amount of production cycles and cost reduction (HOZDIC, 2015). With 

the ability to make processes more unique and particular, the concepts of smart factories and 

smart manufacturing have become more common within the industrial environment for 

containing the application of other technologies such as the Internet of Things, artificial 

intelligence, cloud computing, cyber-physical systems, among others (ZHENG, 2018).  

 The research addresses more specifically the whole process of pricing a sheet metal part 

within the aeronautical industry, a procedure that sometimes has no automation or has only 

one of the parts automated, which makes the calculation of manufacturing cost of these 

components something slow. Time is a significant variable when it comes to service sales, so 

that agility and price are decisive in hiring or not this service. Thus, the objective of this work is 

to conceive and develop a solution through the creation of an automated system that enables 

the calculation, in an automated and fast way, of the manufacturing costs of complex parts for 

aviation. For this, besides the theoretical foundation in the area of part conformation, the 

ontology to be created must be structured containing characteristics of the part to be 

manufactured, the machines to be used for each process and also the other pricing variables 

involved in the process. With the structuring well defined, all the concepts will be applied and 

integrated into the programming along with the business rules created and the definition of the 

multiple cost parameters, the final goal of this implementation is to provide the correct result 

of this calculation. The validation step of the solution should be applied to sheet metal parts 

with different complexities and shapes, so that for each one the pricing is obtained with a 

plausible value. 
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1.3. Objectives 

1.3.1. General objectives  

Therefore, the general objective is initiate and design the implementation of an 

automated system with the function of performing the automated calculation of the 

manufacturing costs of sheet metal parts in the aeronautical industry based on multiple 

heterogeneous variables. 

1.3.2. Specific objectives 

For the software implementation to be well structured and for the algorithm creation and 

development process to be successful, some goals must be stipulated so that there is a correct 

delimitation of what will be worked on and developed in this project. Thus, the specific goals 

are: 

a) Explore the literature study for understanding which variables and parameters will 

be relevant to the project. 

b) Propose a conceptual architecture for the solution in order to validate it in real parts. 

c) Create the ontology and the business rules involved. 

d) Correctly apply the concepts studied within the algorithm in Python to obtain the 

cost. 

e) Ensure that all information from the implemented ontology is organized correctly in 

the program. 

f) Validate the system using an example of sheet metal part. 
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1.4. Justificative 

Since the subject of design and manufacturing of an aircraft requires several process 

steps and that each of these steps includes the involvement of different sectors and people from 

different regions of the planet (F. MAS et al., 2013), the chance of errors in any of these steps 

occurring are great. As previously shown, the object of study of this research is the A400M 

aircraft, which is manufactured by several divisions of Airbus located in different countries and, 

because of this, in each error that happens there is the possibility that other mistakes of 

subsequent processes also need correction. The result of all this is more unnecessary costs for 

the company, since they involve, for example, the proposal of new design solutions and also all 

the logistics that this correction covers. According to (GEIGER, 1999), "the manufacturing of 

sheet metal parts in large-scale production is mainly done with progressive dies. The design and 

production of these tools are responsible for an essential part of the manufacturing costs", thus 

demonstrating that a design or project error causes more expenses, and this amount reflects in 

the final value of the product or reduces the company's revenue.  

Given this, one of the strands of this great theme of study is based on the manufacturing 

procedure of aeronautical parts, more specifically those produced using sheet metal, and how 

the cost calculation of these parts is performed. This calculation is a complex procedure, 

involving different components in the composition of the total cost of the part, and it is 

necessary to use several tools both for the extraction and organization of information about the 

product to be produced as well as tools for analysis and accomplishment of this operation. 

According to KALPAKJIAN (2014), the manufacturing cost represents about 40% of its selling 

price and in the quest to reduce this rate, there is the mass use of automation and other 

optimization sectors so that efficiency is increased. Moreover, the end-customer satisfaction 

also considers that, nowadays, the product life cycles have shortened, and the trend of product 

varieties and complexities is increasing, thus making the operation of obtaining the cost 

something decisive in the product’s marketability. An example of the means to be applied in this 

calculation are ontologies, used to explore the characteristics that need to be extracted from 

the part and to gather certain key parameters for some later analysis or applicability. Moreover, 

its visualization serves as a simplification of ontology management, especially in the case of large 

and complex networks (REBSTOCK, 2008), since even with a simple structure, the correlations 

performed by an ontological method are extremely powerful. The correct structuring together 

with the constant insertion of information and new definitions would make the overall working 

system an essential daily use tool for pricing and with different application possibilities, since 
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the application of ontologies in visual representation and knowledge elicitation is a way to 

understand the relationships created (HÉON, 2020). 

Therefore, the study to be carried out has a very clear reason to be executed: the 

execution of the estimate of production expense of a specimen within the aeronautical industry 

and automation of this existing process, together with the reduction of errors. Besides what has 

already been mentioned, the benefit that will be reaped by all parties interested in this work is 

a tool that will facilitate and optimize the cost calculation process of complex parts. 

Furthermore, a direct advantage of the software is the reduction of errors in this process, also 

reducing the expenses that occur in this process. 

1.5. Research methodology 

In order to describe in greater detail, the development of the work, the methodology of 

this research is based on the description of the processes that involve the progress of the 

project. Thus, in order for the final product to be made, the student must first delve into the 

basic and reference subjects, which will be better described in the theoretical reference section. 

Together with the theoretical knowledge there is also the search for similar works in books, 

articles or magazines that can add or facilitate the research such as a function already 

implemented and applied to an ontology example or a cost calculation project in the area of 

conforming materials that has not yet been developed.  

After the acquisition of all this knowledge and with the most important objectives of the 

research well stipulated, the next step would be starting the development of the ontology that 

will contain the description of manufacturing processes to make the sheet metal parts, along 

with a set of characteristics and the key parameters previously defined of the parts. The last step 

of the implementation would be for the system to return a manufacturing cost for a part with 

the set of variables described, applying the Python programming language to integrate all the 

steps and provide the description of this cost correctly. 

It is important to make clear that the validation will obtain real data from the industry for the 

application of the implemented solution ensuring that the result of the research will be 

plausible, whether they are of simple or complex manufacturing, making clear the applicability 

of the solution in everyday life. 
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2. Bibliographic review 

A With the intention of theoretically grounding the monograph, this section provides an 

explanation of the theoretical references that were used to delve into the issues. The research 

is inserted in the general scope of Industry 4.0, which is characterized by the insertion of the 

internet of things, cyber-physical systems and other definitions in the manufacturing context, 

allowing the concept of smart factories to be applied together with production systems 

(THOBEN et al., 2017). Given the various other important conceptualizations within the topic of 

I4.0, the digitalization that the industry sector is constantly undergoing applies one of the 

concepts that give context to this paper entitled smart manufacturing. It can be defined as "an 

emerging form of production that integrates manufacturing assets of today and tomorrow with 

sensors, computing platforms, communication technology, control, simulation, data-intensive 

modeling, and predictive engineering," in a way that still makes use of concepts such as cyber-

physical systems, IoT, cloud computing, artificial intelligence, and data science (KUSIAK, 2018). 

What all this digital transformation aims at is an attempt to modify current systems in search of 

making them more adaptable and flexible, possessing the ability to learn as the course of and 

make autonomous decisions (F. PIRES et al., 2019). 

Given the magnitude in which the research theme is inserted, explanations based on the 

theoretical references of the aspects that were identified as the main ones for this work will be 

described below. Among these aspects are the description of the automated systems concept, 

processes for the conformation of parts in the aeronautical industry, explanation of the general 

definition of ontologies, and also a description of the pricing of production cost. 
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2.1. Aeronautical parts forming 

The process of forming metal parts in the aircraft industry is one of the initial procedures 

of manufacturing an aircraft, since the component to be created can vary from raw material due 

to the need and functionality of the part. For Stern (1962), forming can be defined as follows: 

"Forming is one of the most important methods of metal fabrication. 
The principles of forming for all metals are basically the same, but for 
each metal there is a difference in the amount of deformation, the 
details, the tool design, and the annealing procedures." 

The adjustment of a given material, which normally has no shape or a simple geometry, 

through a manufacturing process, transforms it into a useful component that, most of the time, 

has a complex geometry containing size, shape, tolerances, precision, appearance and mainly 

its properties well defined (T. ALTAN, 1983). Given the different possibilities of forming 

materials, the main focus of the research is on thin metal sheets (also found as sheet metal parts) 

and, therefore, some common processes for forming these sheets can be applied such as 

pressing, bending and hydroforming. Regarding the first method, it is used to create three-

dimensional shapes and the procedure is initiated by fixing the sheet metal on the template, 

which represents the final shape that the part should contain, and then the sheet is inserted in 

the press suffering pressure for a certain time. After that the formed part can be removed, 

making room for a new metal plate (MAROTO, 2005). This process can be better visualized by 

the illustration below:  

 

Figure 2 Press forming process (LEMINEN et al., 2015) 

 

In forming by bending the sheet metal suffers a deformation so that this methodology 

is not only applied for the production of edges, curves or seams, but also aiming to increase the 

stiffness of the parts (MARCONDES, 2016). Below you can see two examples of the bending 
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process, one performing a simple bend in a straight line (a) and the other performing a bend 

with a "V" shaped matrix (b). 

 

Figure 3 Illustration of the bending processes (MARCINIAK, 2002) 

 

The third forming process to be described is called hydroforming, a process in which the 

sheet metal is formed against a matrix of the desired shape by fluid pressure (MARCINIAK et al., 

2002). Compared to the conventional stamping process, hydroforming has considerable 

advantages such as better surface quality, less sheet metal blowback effect, better dimensional 

freezing, and the ability to form more complex shaped parts (ZHANG et al., 2004). Furthermore, 

the production of a jig is simple, and the process can be economical if there is a small number 

of parts. A typical metal part produced from the hydroforming procedure can be seen in the 

figure below (a) and a demonstration of the die and the process in operation (b): 

 

Figure 4 Illustration of the pressing and bending processes (MARCINIAK, 2002) 

Hydroforming is also used to form tubular parts. With specially designed forming 

machines, a large number of parts can be formed by this process at low cost. Another application 

is the formation of tubular parts where the round tube is bent and then placed into a mold and 

then pressurized internally and formed into a square section (MARCINIAK et al., 2002). With the 

geometric shape diversities of the tubes that are hydroformed, there is a marked research and 
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development effort being made to increase the economic efficiency of the process to address 

the forming mechanism and tooling system of this process (P. HEIN, 1999). 

2.2. Ontologies 

Besides the metal parts forming processes, one of the other theoretical pillars that the 

present work will use for the development of the solution are the ontologies, which can be 

characterized as a way of knowledge representation, making a definition between relationships 

and classifications of concepts within a specific domain of knowledge (LAMY JEAN-BAPTISTE, 

2021). In other words, an ontology formally describes any existing relationship between the 

entities that are contained in a scope of knowledge and, it is this ability that makes it a powerful 

tool for application in conjunction with software implementation (JEPSEN, 2009). 

Ontologies act in the integration of data and knowledge, because they are a means of 

documenting the structure of a particular domain that, by performing a shared scheme of 

information, they end up developing a common understanding of its already inserted concepts. 

However, there is no general consensus on what requirements this formal representation must 

meet in order to be correctly named an ontology, since they can be simple dictionaries and 

taxonomies, or high-level formalizations. Taking into account this naming difficulty, the 

construction of an ontology depends on specialized resources and that, because it is a complex 

task due to its information dependencies, are means that sometimes do not support each other. 

This formal creation will only achieve the goal of producing expected results in the future if 

specialized engineers familiar with the theory and practice work together with those competent 

in the area to be researched, because once the ontology is built, all the evolution of the 

parameters will require continuous efforts so that the maintenance of this information is correct 

(LEHMANN et al., 2014). 

Throughout the process of learning and evolving an ontology, it is very common that the 

learnings have some uncertain and even contradictory knowledge, caused most of the time by 

lack of maintenance of information together with imprecision. Thus, these ontologies where 

there are uncertainties and inconsistencies in the data end up becoming doubtful knowledge 

bases due to the fact that they have to face the difficulty of solving the reasoning with a lot of 

non-concrete information, and thus, generating erroneous results in the ontologies generated 

later (HAASE, 2008). 

In order to visually represent an ontology, Figure 7 shows an example of an ontology in 

the field of ecology. By way of explanation, the terms "Pike" and "Roach" refer to two species of 

fish. 
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Figure 5 Example of ontology in the field of ecology (LAMY JEAN-BAPTISTE, 2021) 

 

It is possible to see eight entities, represented by rectangles, along with the relationships 

that exist between these entities. First there are the hierarchical relationships, which connect 

one entity to another more general one, for example the human being is an animal. Another 

type of relationship is called geographical, indicating the location of the entity, connecting the 

entity to a place. For example, the fish pike is located in the lake. Finally, one can observe several 

cross-cutting relationships, such as "eats" or "concentrates in".  

Observing in detail the simple ontology proposed, it is noted that PCB (a pollutant) can 

intoxicate a human. The role of the ontological method is to perform the structuring of 

knowledge in order to make it accessible to machines that, with the help of software, will be 

able to deduce the risk of a human being intoxicated for example (LAMY JEAN-BAPTISTE, 2021). 

Given the general conceptualization and exemplification of ontologies, another approach 

that applies to the present work refers to the ontology representation language named Web 

Ontology Language (OWL). This representation language has some essential elements for their 

use in the creation of rules, which are: "classes, relations, datatype properties, object properties, 

individuals and restrictions". To explain a little more about the power and expressiveness of 

these languages, another example to be mentioned is OWL2, which consists of a more recent 

version of OWL together with the addition of functions for object and data properties. There are 

also the Resource Description Framework (RDF) and RDFS languages, which are less expressive 

when compared to OWL. Thus, when comparing OWL with OWL2, there is an expressive 

difference constructs, as the newer version has property strings and keys, specific constructs for 

expressing constraints and adding new property features (HEIYANTHUDUWAGE, 2016). 

In order to demonstrate an implementation of an ontology in the scope of manufacturing 

and associate all the explanations given, the ontology "MASON" is equivalent to 
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"Manufacturing's Semantics Ontology" proposed by S. Lemaignan et. al. (2006) has three main 

classes: Entities, containing product specification concepts, the class Operations, associated 

with the description of the manufacturing process, and the class Resources, associated with the 

resources of manufacturing as a whole. This ontology can be observed in the Figure 6 below: 

 

 

Figure 6 MASON proposed ontology (S. LEMAIGNAN et. al., 2006) 

2.3. Pricing of production costs 

The pricing process within the scope of manufacturing has a short timeframe for 

decisions, where the service provider must present an offer so that the price is attractive, 

because this cost is decisive (VERLINDEN et al., 2008). In an attempt to increase accuracy and 

facilitate management, several ways to quote for parts have already been created. One of these 

proposed ways of cost estimation takes into account the characteristics (called features) 

obtained from the available 3D model of the part to be manufactured. According to Geiger et al. 

(1999), the manufacturing cost determination for the proposed model is divided into 3 steps, 

being the first related to the collection of the technical and geometric characteristics of the part, 

which may contain the geometry, quality, material, among other variables. The return of this 

analysis is crucial for the basis of the quotations to be implemented.  

The next step is to assign the acquired characteristics to the different manufacturing 

process techniques, where here the different information is transformed into manufacturing 

specific data. In the third step, this data is transformed into a cost estimate, and in addition to 
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all the information obtained, at this point internal cost rates (of the company itself), cost of 

refinement, tooling, transportation and distribution are entered.   

A model of the system proposed above can be seen in the figure below:  

 

Figure 7 Proposed cost quotation for manufacturing thin sheet metal (GEIGER, 1999) 

 

 In order to recognize the information analyzed in the mentioned study for a sheet metal 

part, Geiger (1999) considers for the pricing proposal the following items as geometric and 

technological characteristics:  

"Edge contour shapes (such as notches and grooves), internal contour 
shapes (standard openings such as round, square and rectangular holes 
and particular profiles that require special drilling dies), bends, joining 
techniques (screwing, riveting, welding (spot), soldering and gluing), 
edge shapes (bending, double bending, rolled edges, with an insert if 
needed), gills and beads (open and closed)." 

After the description of an automated process for estimating the cost of manufactured 

parts, in most cases this described process does not occur in its entirety, often not being applied 

any automation. In these cases, to perform this cost estimation in sheet metal, all the 

information has to come from the manufacturing process planning, which comprises more 

details about the part, what are the production and process steps, tolerances, among other data 

(VERLINDEN et al., 2008). But often what happens is that the whole procedure of conversion 

and organization of this data takes an amount of time not compatible with the available for 

decision making at the time, because the customer who is requesting the service is waiting 

almost at the same time the quotation of the cost of manufacturing the part.  
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3. Development 

Given all the theoretical structuring of the research approach together with the 

explanation of the main important points and objectives, it is necessary to formalize a proposal 

that comprises the concepts defined previously together with the solution of the problem 

presented. Thus, the proposed solution to computerize the procedure for obtaining the 

manufacturing cost of metallic parts for the aeronautical industry would be an automated 

system that, through specific characteristics and parameters collected from the part, can 

calculate the manufacturing cost for these components to be manufactured. For this to be 

possible, several steps should be accomplished before the final validation in real parts, steps 

involving the correct structuring of the ontology in conjunction with programming for 

information synthesis, and the correct description and definition of the key parameters to be 

inserted. 

In order to better describe this planning, a conceptual organizational structure of the 

present project was created, contemplating, at first, a simplistic structure of what should be 

done, containing objectives and goals of what is intended to be done, considering 

implementation time and the whole system structure design. This section describes in detail the 

entire process of designing and creating the proposed system. 

The conceptual architecture can be visualized in Figure 8 embedded below. 

 

Figure 8 Conceptual architecture of the implementation (the author, 2023) 
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3.1. 3D Features extraction 

Considering that this research addresses the beginning of the automated system design 

for the pricing of metal parts in the aeronautical industry, the central theme is inserted in a much 

larger scope and, thus, it was possible to obtain tools that assist and perform the extraction 

process of all the information from a 3D part in the .step format. The tool used is called 

Automated Feature Recognition (AFR) and is applied to identify features of parts from the STEP 

3D model of sheet metal applied to aeronautical structures, performing the pre-processing of 

the model to classify the elements and thus create the sets of faces, subtypes, geometry, 

recognize the relevant parameters and the typical features of aerospace sheet metal 

(GHAFFARISHAHRI, 2023). 

Besides the entire program for the extraction of the features from the 3D model, the 

taxonomy proposed by Ghaffarishahri (2023, p.89-91) for the characterization of ASM features 

was also applied to the development of the ontology. This taxonomy divides the features of the 

part into 3 major features: Base Feature, where all other features are built or modified; the 

Contact Features, which have functions of attachment and adjustments, and has a relationship 

with interfacing the parts and providing the contact; and finally, the Refinement Features, which 

are created for a purpose or a combination of them, such as reinforcement, weight reduction, 

among other utilities. The Figure 9 demonstrate the division of the information explained 

before. 

 

Figure 9 The taxonomy of feature types proposed (GHAFFARISHAHRI, 2023) 
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Applying the AFR algorithm in a STEP model, the output file of this tool is a .txt format 

file that has all the characteristics of the part entered for the analysis. One of these output files 

is represented below: 

 

Figure 10 Example of the software output file (the author, 2023) 

 

As can be observed, each of the features has different parameters and are separated 

and organized by a level of importance and, also, follows a sequence. For example, the 

parameter named "Attachment flange" has an identification property "ID" with a value of 2 and 

a "Parent ID" with a value of 1, representing that this parameter has a relationship with the "ID" 

parameter equal to 1, i.e., the "Web". Within "Attachment flange" it is still possible to identify 

other properties with their respective information, which are essential for further use in the 

automated system. 

By obtaining the characteristics of the 3D models, for the subsequent application of the 

final version of the solution, the part named by “Val15” were selected to demonstrate the 

applicability of the solution provided. Below is the 3D demonstration of these model: 

 

Figure 11 Step model named “Val15” (the author, 2023) 
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3.2. Business rules 

The business rules were implemented together with the ontology structuring seeking a 

greater correlation of the part chosen as a test model with the cost definitions. According to 

Chisholm (2003), a business rule can be defined as: 

“Business rules are statements that define how an organization 
operates. They are used to control how data is processed and what 
actions can be taken. Business rules can be expressed in a variety of 
ways, including natural language, code, or graphical notation.” 

3.2.1. General definition of all involved variables 

After defining the concept, the first step was to understand the manufacturing process 

of the part chosen for validation, concluding that two processes would be done: laser cutting 

and sheet metal bending. The laser cutting process can be quoted taking into account the cutting 

perimeter, whether this operation is a hole (requiring the calculation of the circumference 

perimeter) or the cutting of the entire piece for this application, so that this whole procedure 

has as its main variable the cutting speed, which varies according to the specifications of the 

machine to be used and the material and, moreover, has as unit of measurement meters per 

minute (mm/min). To make the sheet metal bends, the process must consider a bending matrix 

tool with a radius value in millimeters (mm). In view of these definitions, the first procedure can 

be priced in cost per hour (R$/hour) considering what is the material for performing the 

operations and, for the second, the cost is also priced in the definition of the value per millimeter 

to be folded (R$/mm). 

Besides the characteristics of each of the manufacturing processes, another determining 

factor in the price is the specification of the type of material to be used. The price is commonly 

given in cost per weight of material (R$/kg), with the need to calculate the weight of the part to 

obtain the final value. For the applicability of the proposed solution to the 3D part, only the 

metals class was considered since, given the various alloys that exist and are used, it is important 

to note that each alloy changes the parameters for performing these operations, changing the 

final value of the product, as well as the number of parts to be produced. For the quotation of 

the materials, three steels commonly used in general industry were quoted for this example. 

Below are the price values by weight for these materials: 
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Table 1 – Description of the stipulated price by weight of steel types. 

Steel Value [R$ per kg] 

ASTM A36 14,30 

SAE 1010 15,50 

SAE 1020 23,00 

Source: the autor, 2023 

 

Other defined pricing parameters that must be defined are the fixed, variable and also 

semi-variable Overhead costs, the price of Product Finishing processes, such as heat treatment 

and also surface treatment processes for metals. Besides these parameters, another cost with a 

high relevance for the pricing process is the setup preparation cost, involving machine 

preparation and programming, number of component reorientations, among other 

specifications. For the final and definitive version of the solution, the parameters cited above 

were not implemented at the same level of complexity as the other pricing parameters but 

received the correct domain definition within the ontology and description of the data type. 

For a better visualization of the definitions described above, all parameters were 

stipulated and are shown in the table below. 

Table 2 – Variables and parameters needed for the definition of business rules. 

PARAMETER UNIT 

Cost per Hour - General R$/hr 

Cost per milimiter Bended - Bending Machine R$/mm 

Cutting Speed - Laser Cutting Machine mm/min 

Setup - Pre-production and Production costs R$/Quantity 

Overhead Cost R$ 

Product Finishing Cost R$ 

Cost per Weight of Material R$/kg 

Part Perimeter mm  

Part Weight mm 

Quantity - 
Source: the autor, 2023. 

 

A sheet thickness value of 1.5 mm was defined for the validation step, and consequently 

the estimated cost per hour for laser cutting was R$715/hr with a cutting speed of 141 m/min. 

For bending, the estimated cost per hour was R$240/hr and a cost per millimeter of length bent 

of R$0,05/mm.  The estimated setup cost was thought of more broadly, considering a value of 

R$160 total for both types of setup cost (Pre-production plus Production cost). This cost is spread 

over the quantity of parts to be manufactured so that, if the quantity is equal to 1, the cost of a 

part will be the cost of the processes involved added to the R$160 of the setup. Now, if the 
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quantity is 50, the setup cost for each part is diffused, making the addition in the final price of 

the part R$3,20 for the example given. 

As previously explained, the cost effectiveness of the product finishing types and the 

Overhead costs were not implemented, since they were considered null values. For the first 

type, the option chosen for the finishing type would be "None", symbolizing that the part should 

be delivered to the requester raw, which means without any treatment. As for the Overhead 

costs, it was stipulated as R$0,00 so that it has no influence on the calculation. However, even 

with the non-interference of these factors in the final price (for this specific case), the final price 

calculation considers the presence of these variables. 

3.2.2. Definition of the rules 

With the detailing of the general definitions explained in the previous subsection, the 

main equation of application in the proposed system is the Production Cost of a unit of the 

desired product. This result is the sum of all the described cost variables that are put together 

in large groups, these being: the costs of the Manufacturing processes, the Setup costs, the 

Overhead costs, and the costs of Finishing the part. Thus, the calculation can be performed 

following the subsequent. 

𝑷𝒓𝒐𝒅𝒖𝒄𝒕 𝑪𝒐𝒔𝒕 = 𝑀𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑖𝑛𝑔 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑒𝑠 + 𝑆𝑒𝑡𝑢𝑝 + 𝑂𝑣𝑒𝑟ℎ𝑒𝑎𝑑

+ 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐹𝑖𝑛𝑖𝑠ℎ𝑖𝑛𝑔   

The pricing of the cost of a cut on the laser cutting machine involves the application of 

some variables already explained, being the Perimeter, the Cutting Speed of the machine, the 

Quantity of pieces desired and the Cost per Hour of the machine divided by 60 to transform into 

Cost per Minute and enable the realization of the final cost of the laser cutting process. The 

equation below demonstrates the explained calculation. 

 

𝑳𝒂𝒔𝒆𝒓 𝑪𝒖𝒕𝒕𝒊𝒏𝒈 𝑪𝒐𝒔𝒕 = [(
𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟

𝐶𝑢𝑡𝑡𝑖𝑛𝑔 𝑆𝑝𝑒𝑒𝑑
) ∗ 𝑄𝑢𝑎𝑛𝑡𝑖𝑡𝑦] ∗

𝐶𝑜𝑠𝑡 𝑃𝑒𝑟 𝐻𝑜𝑢𝑟

60
    

 

As for the cost of operating the bending machine, it comprises the definition of the Cost 

per Bend (CB) for the defined radius bending tool and also the Bend Width (BW) of the bend to 

be made. The final cost result for the bending processes comes from the multiplication of these 

parameters in relation to the total number of bends (n), as shown as follows.  

 

𝑩𝒆𝒏𝒅𝒊𝒏𝒈 𝑪𝒐𝒔𝒕 = (𝐵𝑊 1 ∗ 𝐶𝐵 1) + ⋯ + (𝐵𝑊 𝑛 ∗ 𝐶𝐵 𝑛)   
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All this information was estimated according to a quotation made by the student, so 

that he could understand more clearly some of the pricing processes. The main rules 

implemented are directly related to the part to be manufactured and the processes involved, 

seeking a simple and functional rule definition to demonstrate the approach and general 

operation of the conceived system. 

 

3.3. Ontology development 

For the stage of structuring and designing the base ontology of the solution, the 

modeling was done in the Protégé tool, which is a software able to create and model ontologies 

in OWL (Web Ontology Language), language chosen for the development of this stage. With all 

the definitions made inside the ontology structure, the preliminary validation step was done to 

verify and certify that the ontology is coherent and has no inconsistencies in the relations 

created. So, on the "Reasoner" tab inside the software there is the “Pellet” option, which was 

the reasoner chosen for determining inconsistencies in the ontology. So, to do this validation 

and certify this process, the reasoner did not return any cohesion errors to the user. 

 In order to better organize the description of what was created, this subsection was 

divided by the main parameters of an ontology. 

3.3.1. Class definition 

To mark the beginning of the development of the proposed automated system it was 

necessary to create the ontology, which was made possible through the Protégé tool. Based on 

the structure explained in the bibliography section, the ontology created has four main classes:  

- The Product_Costs_Composition class, comprising all the costs of the 

process. 

- The Product_Data class, coming from the 3D model. 

- The Machining_Reference class, containing the main information about the 

machinery to be used. 

- The Material_Reference class, describing the material types. 

 All these classes are created from an ontology base class named "owl:Thing", so they 

become subclasses of it. The overall structure of the ontology is given by the representation 

named OntoGraf used for the automatic structuring organization given below. 
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Figure 12 OntoGraf of the main classes of the ontology (the author, 2023) 

 

3.3.1.1. Product_Data class 

This class describes the information of the product to be manufactured, since it applies 

the taxonomy proposed by Ghaffarishahri (2023) aiming at a better organization and description 

of the data and, moreover, it maintains the 3 major features described in section 3.1: Base 

Feature, Contact Feature and Refinement Features. 

 

 

Figure 13 Product_Data subclass demonstration (the author, 2023) 

 

Furthermore, since the program for extracting the characteristics of the 3D models was 

adopted by obtaining the properties of the part, to have an integration between this data and 

the ontology, the same structure was maintained with the addition of the Part_Features 

class, which contains other important definitions necessary for the cost calculation, among them 

the weight of the part (Part_Weight) and the total perimeter (Part_Perimeter), along with 

the name of the model that will be manufactured (Part_Name) and its thickness 

(Part_Thickness), as shown below. 
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Figure 14 Product_Data and Product_Features subclasses detailed (the author 2023) 

3.3.1.2. Machining_Reference class 

The second main class to be described is the one that involves the referencing of 

machines, since all the processes that the parts must go through have the involvement of 

machines for their manufacture. Starting from the ontology modeled by Szejka (2016), the initial 

structuring form of this machine reference was maintained in order to separate the types of 

machines for manufacturing applied to the metal forming process. Thus, this set contains seven 

subclasses being one defined as "Other" and six main machines being: 

Laser_Cutting_Machine, EDM_Machine, Milling_Machine, Lathe_Machine, 

Bending_Machine and Drilling Machine. In addition, example machines have been 

inserted into some of the classes for the demonstration of the correct application of the 

designed layout. 

In view of these descriptions, Figure 15 represents by means of an OntoGraf the 

definitions described above. 

 

Figure 15 Machining_Reference OntoGraf representation (the author, 2023) 
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3.3.1.3. Material_Reference class 

Given the various types of existing materials, for the correct modeling of the materials 

reference, it was applied one of the structures defined by Ashino (2010) named "Materials 

Information" and it was also the main materials ontology infrastructure for the development of 

the "Material Core Ontology", one of the steps cited by Szejka (2016) in his thesis. For sheet 

metal, where the research is inserted, only the class of metals was defined in greater detail and, 

to demonstrate in conjunction with the analysis and results section, three types of steels were 

modeled: ASTM A36 Steel, SAE 1010 and SAE 1020 steel, as shown in Figure 16: 

 

Figure 16 Material_Reference class demonstration (the author, 2023) 

3.3.1.4. Product_Cost_Composition class 

The last class to compose the set of main classes contains the cost definitions to produce 

the desired product. In order to better describe and separate the costs involved for this 

implementation, four different subclasses were created named: Overhead_Cost, 

Pre_Production_Costs, Production_Cost e Post_Production_Costs. 

 

Figure 17 Product_Cost_Composition OntoGraf subclasses (the author, 2023) 

Starting with the definition of the subclass Overhead_Cost, it covers overheads linked 

to business activities, being subdivided into fixed, variable and semi-variable costs. The 

Pre_Production_Cost sub-class establishes the cost ratio for the preparation of the material, 

that is, to make it ready to be shaped.  Production_Costs involves the costs involved in the 
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actual production of the desired part. Finally, the Post_Production_Cost sub-class defines 

the finishing processes, subdivided into heat treatments or surface treatments, such as metal 

finishing.  

Figure 18 presents in more detail all the subclasses involved in the composition of the 

production cost of a certain part. 

 

Figure 18 Product_Cost_Composition subclasses detailed (the author, 2023) 

 

3.3.2. Object and Data properties definition 

Besides the definitions of classes and subclasses, for the ontology to work correctly, it is 

necessary to define the rules for the relationship between the classes themselves and between 

the elements of each class. Thus, inside Protégé the tab "Object Properties" receive all the rules 

structuring for the class-to-class relationships. In the ontology modelled by the student, no 

object properties have been created.  

Within the Protégé entities there is a "Data Properties" tab that defines the relationships 

within the classes designed in the structuring. Below is the representation of all the rules 

designed. 
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Figure 19 Data Properties implemented (the author, 2023) 

 

The properties created have a domain of where they can be applied inside the classes 

and, also, what "range" has to be defined, which would be an expression or more commonly 

applied, a data type. For a clearer demonstration of where each of these definitions are applied, 

they have been separated into large groups based on the main classes.  

 
Figure 20 Separation of Data Properties in main classes design (the author, 2023) 
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 Given this better described separation, an example application was created aiming to 

separate some of the information from the AFR algorithm as a demonstration. Thus, it can be 

observed that the parameters "Part name" and "Corner" are represented the way they are in 

the algorithm's output file and, for the integration of this information with the whole ontology 

structuring to be possible, data properties must be employed. 

 

Figure 21 Example of application of properties (the author, 2023) 

The data properties needed for pricing were implemented along with the whole data 

type definition, which also has a high relevance for the program due to the accessibility of the 

information and integration with the OWL library in Python. 

3.3.3. Ontology Individuals 

The insertions of the values presented in the application demonstration are described 

within the individuals, so that this description includes the information from the AFR output file 

with the part features, the definition and parameters of the machines that are used for each 

process contained in the product information and definitions. All the data insertion so that the 

program can collect them and apply them to functions, variables or perform any kind of 

operation is done through the individuals, since the way this information was modeled (with 

several different individuals containing different properties) addressed this use of several 

product definitions for the integration with the programming, better described in future 

sections. Figure 22 below indicates all the individuals implemented. 

 
Figure 22 Elements of the “Individual” type (the author, 2023) 
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As a form of demonstration, the individual ID3 was selected as an example. It is one of 

the return parameters that the Features file contains and has as defined class an 

Attachment_Flange, which has all the properties described by the "Data Properties" section 

that have this class as a domain. So, below we have an association of the information from the 

output file together with the description of the individual, certifying that all the information is 

contained and available for access. 

 

Figure 23 Output information associated with Individual definitions (the author, 2023) 

3.4. Obtaining the cost for the part 

a The last step of the design for the pricing resolution is to effectively obtain the final 

price of the 3D model. For this sage, a Python file was implemented including all the processes 

already demonstrated: the inferences obtained from the ontology created, the business rules 

containing the general cost and of each operation applied to the parts and the model 

characteristics. For this, the script must work with the multivariable parameters and, given the 

insertion in the code, provide the final price in Reais (R$) of the part. 

The creation started with the process of defining all the necessary libraries together with 

the importation of the ontology containing all the information defined by the structuring done 

in Protege.  

For the implementation of the ontology within the Python programming language the 

owlready2 library was used resorting to some definitions made in LAMY JEAN-BAPTISTE (2021) 

containing instructions of the data import, definitions of the relations between the elements of 

the ontology and other references. Thus, the import of the ontology became possible through 



 

 xxviii 

the get_ontology() command in conjunction with the load() parameter, since the file in .owl 

format was saved locally. The ontology was loaded as shown in the following figure: 

 

Figure 24 Loading the ontology into the program (the author, 2023) 

With this importation done, the next step was the definition of functions to be used in 

the code that have the objective of synthesizing the obtaining of certain information so that, in 

any part of the program, these definitions can be called. After the functions are created, the 

program continues with the definition of parameters and variables necessary for the correct 

application of the defined functions, and there are also some preliminary verifications to confirm 

if the set of data imported from the ontology contains all the essential properties for the 

definition of the product's final cost. Finally, with almost all the parameters already stipulated, 

the final part of the program contains the call of the necessary functions and the main function, 

which would be the pricing of the part structured in the ontology.  

All these steps will be better described in the following subsections. 

3.4.1. Detailing the created functions 

As already described, eight functions were implemented that relate directly to the data 

coming from the ontology and in this subsection each one of them will be better described and 

detailed. Below are the names of all these functions created in the program developed. 

 

Figure 25 Functions created in the algorithm (the author, 2023) 

 To begin the descriptions of the designed functions, the function named Product_Cost 

has the role of accomplishing the objective of the whole implementation: to show the final 

production cost for a unit of the part inserted in the program, with the help of all the rest of the 

created functions. This function receives as parameters the elements for the calculation of the 

final cost that come from other functions of the program and performs the operation of 

summing them, presenting to the user in an organized and separate way how the calculation 

and the final result are made. Below you can see the details of the function's implementation. 
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Figure 26 Definition of the Product_Cost function (the author, 2023) 

 The next function developed was called Get_ID_Information in order to get more 

detailed information about the list of ID's coming from the output file of the Automated Feature 

Recognition (AFR) tool for feature extraction. What is done when the function is called is a search 

on the ontology Individuals that have "ID" in their nomenclatures, saving this data in a list named 

afr_id_list. Taking advantage of the fact that the loop already has this information, the function 

also returns the classes of these individuals through another list called afr_id_class_list. 

 

Figure 27 Function Get_ID_Information definition. (the author, 2023) 

 As the name suggests, the function Get_Machines_Into_Individuals literally extracts 

information about whether there is any Individual that has the word "Machine" in its name, 

indicating to the program that it is a machine that, besides being in the Machines class, will have 

specific characteristics. This function has no parameters and when it is invoked in the 

programming it returns a list with only the name of the machine found and not the complete 

address of location. As can be seen in the code that has the definition of the function in Figure 

28, inside the search loop of the ontology individuals only the element Name is effectively 

inserted into the list. 

 

Figure 28 Get_Machines_Into_Individuals function description (the author, 2023) 
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The function Get_Individuals_Information receives as a parameter a specification of 

which is the desired individual so that the function can return the main information of this 

element, allowing several implementations and new designs inside the algorithm. The desired 

individual must be specified as a string containing its name exactly as the ontology's name, case-

sensitive. To better define what is done, the function searches for individuals in the ontology 

added to the program and gets their properties through the get_properties() method, listing all 

properties that the individual is related to and, furthermore, gets the values of this information 

through the "Value" method. Thus, the function returns three lists: the first called gii_id_list 

comprises the ID's that the desired individual has (if any), the second called gii_prop_name_list 

has the names of the properties, and the third called gii_param_value_list contains the values 

of these properties. 

 

Figure 29 Code snippet of the Get_Individuals_Information function (the author, 2023) 

The previous functions were implemented to make it easier and clearer how the 

ontology data should be obtained and also how each type, property, class, individual or any 

other denomination can be accessed and available to other code snippets. The next functions 

are related to extracting the costs of each defined cost parameter and, therefore, do not have a 

degree of development complexity like the functions defined and explained above. 

Following the definition of the implemented functions, the function Get_Setup_Costs 

takes advantage of the design of another function already explained to obtain the setup cost 

information (Get_Individuals_Information). This cost involves the Pre-production and 

Production classes and obtaining the effective value of each of these costs, the function adds 

them up and divides by the only necessary parameter for this function: the quantity of parts to 

be manufactured. This division was implemented so that, in the final cost of a desired product 

unit, the setup value is divided for the quantity so that the part quotation is respected, as 

described better in section 3.2. Figure 30 represents this implementation in the Code.  
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Figure 30 Detail of the function Get_Setup_Costs in the code (the author, 2023) 

The function Get_Manufacturing_Processes_Cost is intended to automatically return 

the costs of the implemented manufacturing processes, based on the parameters entered in the 

function and necessary for this calculation. This function has as essential parameters the general 

Cost per Hour, the List of Machines, the Quantity of parts to be manufactured, the total 

Perimeter of the part and the Widths of the folds. As with other elements of the research, the 

manufacturing processes entered into the function were only those applicable to the test model 

of this design, using the Laser Cutting Machine for cutting the part and the holes, and the 

Bending Machine for all the necessary bending.  

Within the function, the analysis process begins by checking that each machine is 

contained in the machine list and also has a cost per hour setting. After these checks, each of 

the types entered in the program has its specific calculation, and if any of the checks are not 

satisfied, the program issues an error to the user asking for verification of the definitions of 

individuals. Besides this, the function returns two distinct lists, one for each machine and 

containing the machine's name and the final value of the process pricing.  

All this detailed description is shown in the figure below: 

 
Figure 31  Get_Manufacturing_Cost function description (the author, 2023) 

 

To access the overhead cost information, the function Get_Overhead_Costs was 

implemented by applying the definitions of the other function for obtaining information about 
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the individuals already explained above, accessing one of the data properties that contains the 

explicit value of this cost. 

 

Figure 32 Get_Overhead_Costs code snippet (the author, 2023) 

The next and last function defined concerns the types of product finishing since, in order 

to establish a cost, the type of finishing must be selected and, consequently, within the selection 

made one must choose which treatment option will be used on the part. Each of these options 

will have a different way of calculating the cost and, as these definitions are beyond the general 

scope of this work, this whole process was not performed. However, for the function to be 

implemented and play a role in the pricing, one of the finishing types that can be chosen is to 

receive the part with No Finishing, i.e. the "None" option that results in a cost equal to zero. 

Accordingly, if the selected option is "None", the function returns a final cost of zero. Below is 

shown the function created together with the field stipulation for further development of this 

function. 

 

Figure 33 Get_Product_Finishing definition (the author, 2023) 

3.4.2. Declaration of variables and parameters and functions executions 

After defining the functions, the program continues with the declaration of variables 

required by the program logic and also others that were defined as demonstration parameters 

of how the application would be in an implementation that required such parameters. The first 

element inserted in this parameterization was the Quantity of parts to be manufactured, 

applying the function Get_Individuals_Information and saving it in a variable for future 

applications. Regarding the materials involved, the table created with the steel price estimate 

was inserted in the program along with a condition that receives the type of material chosen 

through the ontology definition and, given this selection, inserts the value of the material price 

by weight in the material_weight_cost variable. Besides all these specifications already 

explained, applying the functionalities of the function to get information from individuals, the 

variables to obtain the Perimeter value, the Product Weight, the Width list for the bending 
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process and also the general Cost per Hour were defined, so that the last variable is applied to 

price the hourly cost of each machine. Furthermore, the function 

Get_Machines_Into_Individuals was applied to return to a created variable that contains the list 

of machines and, finally, the function Get_ID_Information inserts data into another list that 

contains the set of defined part ID's. 

To clarify, all the elements mentioned were declared in the program but are not 

necessarily being used in any application but are available to be accessed in case of future use. 

Hence, in sequence there is the demonstration of all these insertions in the program. 

 

Figure 34 Declaration of parameters and useful variables (the author, 2023) 
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4. Test-case 

In order to prove the implemented solution, this section describes some tests performed 

on the algorithm to validate the results that come from the calculations made. 

This way, as the scope of the research are the sheet metal parts, by the definition of the 

taxonomy applied in the definition of the class Product_Features (contained in Figure 8) the 

part must contain a base characteristic named Web, where all the other features are inserted. If 

this is not identified, the pricing calculation cannot be performed, and the program should 

return to the user an error indicating what the problem is and how to solve it. This is satisfied 

by the code snippet shown below and the next figure represents the output of the program in 

case of a failure to comply with the rule defined. 

 
Figure 35 Code snippet that performs the verification (the author, 2023) 

 

Figure 36 Output message with condition not fulfilled (the author, 2023) 

 What is done by the code snippet shown above is a check of all the individuals and their 

data properties, aiming to locate the characteristic with the name Web. If this statement is not 

satisfied, the program shows the user the reason for the error and also requests the insertion of 

this data in the ontology.  

As the proposal of this research has as its main objective to obtain the design of an 

automated pricing system based on the modeling and structuring of an ontology, it is intended 

to attest that with different parameters the result of the final calculation should remain 

cohesive. To this end, a new hole was added to the part with a diameter of 6mm, a value 

different from the others already contained in the original part. To accomplish this change, the 

individual ID8 was created in the ontology having the class Attachment_Hole and with the 

diameter of 6mm and, consequently, the total perimeter of the part was also changed in the 

ontology. Therefore, with these changes made in the ontology, the program was run twice, the 

first time without the new hole and the second time with the addition of the hole.  

Both output results of the program are shown below by Figures 37 and 38: 
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Figure 37 Program output without the Individual “ID8” (the author, 2023) 

 

Figure 38 Program output with the new Individual “ID8” (the author, 2023) 

As observed in the results obtained, the program correctly obtained all the parameters, 

even when adding a new one. To prove this, the command to show the return information of 

the function Get_Individuals_Information with the parameter hasDiameter was 

inserted into de code, resulting in the return of three lists, according to the structure of the 

function, containing the ID's, names, and values. It can be noted that the 6mm diameter was 

added to the list of values with the correct addressing of the ID8 individual created and 

furthermore, the cost of the laser cutting process increased from R$2,60 to R$3,08 due to the 

fact that, with the addition of the hole, the total perimeter of the part increases resulting in a 

price increase. The demonstration also shows that all other parameters were unchanged and 

kept the same value. 
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5. Results and discussion 

As the main approach of the research is the idealization and construction of an 

automatic pricing process for sheet metal parts, the main results are related to the structuring 

of all cost concepts involved in the construction of the system, together with other areas such 

as the large area of manufacturing and also of materials. Due to the amplitude of the research 

and the themes involved, it was necessary to select which parts should have a greater focus in 

the development and which would have to be left aside for this study, however, even with this 

division, the formalization of the knowledge and concepts should be implemented. Thus, one of 

the results for the composition of the automated pricing system was the creation of the 

ontology, with the definition of all classes and properties, represented by Figure 38. 

 

Figure 39 General ontology developed (the author, 2023). 

With the ontology being the basis for structuring the data, the implemented algorithm 

takes advantage of all the concepts and relationships made so that the separation of information 

within the program is done correctly. As already described and explained in detail, the algorithm 

receives all this information and applies the functions created in the program to access the 

necessary data and give as a final answer the cost of manufacturing the part, showing the user 

how this process is done. 
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Figure 40 Example of program output response (the author, 2023). 

As it is possible to observe in Figure 40, the final price (R$) presented is always for one 

piece, so that the number of pieces to be manufactured is only relevant in the calculation itself. 

For the quotation of the manufacturing processes, the implemented way made all the 

calculation automated as long as the individuals inserted into the ontology have the correct 

structure. This data insertion in the individuals is essential for the created logic to work correctly, 

even changing some parameters and inserting or removing individuals. 

The approach to the discussion of this paper begins by questioning whether the insertion 

of all separate individuals as was done is a better solution or if there is the possibility of inserting 

only one individual with the general characteristics of the product to be manufactured. This has 

a direct impact on the optimization of this system, making the system conceived as a whole even 

more autonomous and uncomplicated for use in different parts. Furthermore, another pertinent 

issue to be discussed is the insertion of data about material prices, for example, which can be 

optimized to import all these values from a table in .csv or .xlsx formats, since this is how this 

information is often arranged. The functions implemented by the student can and certainly will 

receive upgrades and improvements, but they allowed the student to understand how the 

integration of an ontology with Python programming works and to access the parameters and 

main definitions, and this is relevant for further research. 
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6. Conclusion 

The development process began with the search for more information about the most 

relevant themes in the literature in order to propose a conceptual architecture for the 

implementation of the automated system, integrating the ontological approach with 

programming concepts, applying the solution elaborated in parts made of sheet metal aiming 

the pricing of the part or, at least, a cohesive estimate of this quotation. The extraction of the 

information from the 3D model was made possible by the AFR tool, which made it possible to 

insert this information into the ontology and start to truly conceive the proposed solution. 

 An automated system that contains the association of the ontology structuring, with the 

defined rules and knowledge, with the Python algorithm containing the necessary information, 

the definition of the business rules and also obtaining the characteristics of the part to be 

manufactured can be extremely profitable and efficient for several industry sectors, because the 

implemented set has a high ease of insertion of new parameters and definitions. In the industrial 

scope, since the research is part of the aeronautical industries, the reduction of the parts pricing 

time associated with the reduction of quotation errors are fundamental advantages to win over 

the customer and, moreover, the provision of a precise cost estimate quickly speeds up the 

entire manufacturing process. 

Therefore, to conclude, the problem question involving the possibility of automation of the 

pricing process was answered with the successful implementation of the whole set (information 

structuring + insertion of business rules to obtain the cost value). Aiming at the future research, 

since the research study axis is quite broad, the cost ontology can be better described to address 

several other concepts and also the whole set of pricing manufacturing processes can be filled 

with more information and optimized. However, as the intent of the project was to design the 

automated pricing system that had an application on a real part, the end result exceeded the 

student's expectations, since the automations were successful in describing and receiving all the 

information in the face of the various tests performed, meaning that the efficiency and reliability 

of these processes can be improved along with minimizing human error in decision making. 
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