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Conformance assessment is used to verify the proposed process data model according to applied criteria and test methods. Chapter 4 gives a demonstration between production engineering and manufacturing operations based on CatalystEX Platform to describe the information exchange of the propositions. A NIST testing part is used as a case study to show how the propositions can be applied from the original design to the final print during AM digital thread. The proposed process data model is transferred into STEP-NC physical file to implement the print execution. Chapter 5 summarises the research work of the thesis. It concludes the thesis with the contributions and limitations of the propositions. The future research directions are finally pointed out.
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Thesis structure

The main focus of this thesis is on STEP-compliant information exchange for additive manufacturing. STEP-compliant information exchange is considered as the integration and standardisation of AM digital thread, including data standards and CAx systems. In order to implement the systematic and integrated support for AM digital thread, the integration of AM production engineering and manufacturing operations needs to be studied. The interest of the thesis concerns how to achieve the integration of the specific AM process based on STEP and STEP-NC standards during entire digital thread. The structure of the thesis is organised as follows:

Chapter 1 introduces the context the research, including the concept, the historical development and the technology trends of additive manufacturing.

Considering the research objective proposed in Chapter 1, this chapter focuses on the current studies on process integration and data standardisation, which are respectively considered as the potential solutions to address the processbased problems and data-related problems. However, two scientific problemsprocess-based problems and data-related problems are considered as the barriers which hinder integration and standardisation of AM digital thread.

According to these scientific problems, some research questions are put forward.

Chapter 2 reviews relevant literature, which sets the stage for the need of this thesis research. Considering the research objective proposed in Chapter 1, this chapter focuses on the current studies on data standards, production engineering, and manufacturing operations for AM, which are respectively considered as the potential solutions to address the process-based problems and design data-related problems. The current studies show that the integration and standardisation in the AM digital thread should be further studied and developed.

Chapter 3 focuses on the propositions on the fundamental guideline for specifying AM digital thread, STEP-compliant process data model, and conformance assessment. In this chapter, the approach of the proposed STEPcompliant process data model is detailed to deal with the data-related problems.

The specific AM process including production engineering and manufacturing operations is then introduced in order to solve the process-based problems.

Scientific context and research questions

Before focusing on the research propositions, the thesis firstly provides the context by presenting the concept, the history and the technology trends. The research objective will be then pointed out by reviewing the technology trends at present. However, some problems still exist in current STEP -compliant process data models of additive manufacturing in process planning and manufacturing process. Considering the problems, the research questions will be finally pointed out.



Context

Concept and history of additive manufacturing

3D Printing also known as Additive manufacturing (AM) is a promising technology enabling feasible approach for manufacturing three-dimensional objects directly from digital models through an additive process, typically by accumulating successive layers of polymers, ceramics, or metals [START_REF] Ford | Additive Manufacturing Technology : Potential Implications for U . S . Manufacturing[END_REF].

Additive manufacturing technologies have been applied to the automotive, aerospace, and medical industries for many years. However, disparate types of additive manufacturing technologies have different methods to classify these specific AM technologies. In general, the magnitude of different printing scale can be a good method to give a suitable classification. For micro -scale layer print, we have summarized many print methods, such as vacuum magnetic sputtering system, electronic beaming vapour/deposition, and cladding, which mainly apply in micro mechanical devices for specific 3D functional structure [START_REF] Bryzek | Impact of MEMS technology on society[END_REF][START_REF] Maboudian | Surface process in MEMS technology[END_REF]. For general scale printing, AM process can be traditionally classified into melting, sintering, deposition, curing and binding, including Selective Laser Melting (SLM), Direct Metal Laser Sintering (DMLS), Selective Laser Sintering (SLS), Fused Deposition Modelling (FDM), Fused Filament Fabrication (FFF), Stereo-lithographic (SLA) and Laminated Object Manufacturing (LOM) (Mies, Marsden, & Warde, 2016a). In short, AM is a process of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing Jinhua XIAO 13 Université de Technologie de Compiègne methodologies (ASTM F2792-12A, 2012). We know that ASTM international has given the fundamental definition for AM technology listed below as shown in Figure 1.1.

Figure 1-1: different types of additive manufacturing technologies [START_REF] Scott | Additive manufacturing: Status and opportunities[END_REF] As early as 1890, the specific concept of layered method for making a mold had been proposed on stacking a series of wax material [START_REF] Bourell | A brief history of additive manufacturing and the 2009 roadmap for additive manufacturing: looking back and looking ahead[END_REF]. Until 1987, the first commercial use of AM equipment had been invented with stereo-lithography from 3D system, which is used to solidify light-sensitive liquid polymer with ultraviolet laser [START_REF] Wohlers | History of additive manufacturing Introduction of non-SL systems Introduction of low-cost 3D printers[END_REF]. During the 1990s, the fundamental types of AM technologies had completely formed a unique domain different with traditional manufac turing, which was extended by the original evolution on fused deposition modelling (FDM), laminated object manufacturing (LOM), and selective laser sintering (SLS) [START_REF] Wong | A Review of Additive Manufacturing[END_REF]. Since the early 2000s, 3D printing in medicine applications had considerably emerged to fabricate the bio -tissue and organs, customized implants and prostheses, and anatomical models for surgical preparation [START_REF] Ventola | Medical applications for 3D printing: current and projected uses[END_REF]. With the mature of AM technology, the industrial market in entire manufacturing field brought about the huge potential benefits, which extensively push forward the wide application of AM Jinhua XIAO 14 Université de Technologie de Compiègne technologies. Subsequently, all varieties of AM products had been applied in almost all fields to win huge lucrative breakthroughs in a decade. In terms of AM application fields, different types of AM technology determine the specific kind of printed product by considering complex scientific and technological constraints and limitations. For example, automotive and aeronautical product for fabricating in AM needs to reorganize the inner metal structure with enormous high-density energy, while medical product, on the contrary, requires low temperature to protect printed material itself from damage in high temperature. Therefore, these both kinds needs different technologies to realize the final product, which might become a good incentive to push the development of integrating their different technologies into unified one in the future.

By now the concept and history development of AM have been introduced. This concept of AM technology indicates that AM have been defined by standard organization, and the historical development implies that AM technology has become more and more applied and integrated broadly.

According to the summary report proposed by National Institute of Standards and Technology (U.S.) [START_REF] Williams | Additive Manufacturing Technical Workshop Summary Report NIST Technical Note 1823 Additive Manufacturing Technical Workshop Summary Report[END_REF], the development of AM technology should focus not only the integration during entire AM digital thread, but also on the standardization for entire AM product and process. Therefore, much more attention should be paid to such two kinds of points in the future. The development trend of AM related to process and manufacturing will be presented in next sub-sections.

Development trends of additive manufacturing

The above sub-section has introduced the basic concepts of AM technology and its development history, which reveals the two kinds of AM technology: integration and standard during entire digital thread. Actually, the integration involves completing the whole AM digital thread, and the standard needs to define print formats for product and process information. This sub-section will present the development trends of AM technology from the two aspects: digital thread and print format. In consideration of the development trends of AM technology, the research objectives are pointed out. Université de Technologie de Compiègne

AM digital thread

The previous discussion indicates that AM information system has become more and more integrated, the integration of AM information and process will be presented in this sub-section. According to the digital thread of AM process proposed by Kim, the integration of AM information system can be divided into eight parts, including geometric design, tessellated data, tessellated 3D model, build file, machine data, fabricated part, finished part, and validated part shown in Figure 1-2. We refer to the AM digital thread from NIST organisation, and then introduce the process in the following: [START_REF] Kim | Streamlining the additive manufacturing digital spectrum: A systems approach[END_REF] 1) Geometric Design

Data Information Representation

In AM system, STEP standard for CAD data exchange among different CAD systems has been used to transfer geometry data, annotation, materials, object features et al [START_REF] Witherell | Towards Annotations and Product Definitions for Additive Manufacturing[END_REF]. The geometry data exchange between different mechanical drafting and design software system is dominated by STEP standard, which enables computer interpretation of geometry information for 3D modelling and visualization of product geometry. 2D drawing generation describes the visual interpretation of drawing data, specifications, and annotations in downstream manufacturing process. GD&T Université de Technologie de Compiègne has integrated tolerance information and PMI based on STEP AP 242 (R. [START_REF] Lipman | Conformance checking of PMI representation in CAD model STEP data exchange files[END_REF]. PMI for 3D model represents dimensions, tolerances, notes, and other data on a drawing. Material information for AM is still facing with many challenges including material properties, mixture and multiple materials, et al [START_REF] Patil | Representation of heterogeneous objects in ISO 10303 (STEP)[END_REF]. Object features for AM contain not only geometry feature but also their texture, colour and constellation, which need to standardize their data together based on STEP. Support structure design has huge influences on the build orientation of manufacturing part, so the structure optimization should acquire the optimal printing parameters, i.e. build time, complexity of post-processing, cost, material waste, etc [START_REF] Sanati Nezhad | Determining the optimal build directions in layered manufacturing[END_REF].

2) Tessellation data

Although not all geometric models for AM technologies need to t essellate, the process could provide a simple method to represent 3D CAD data and accurate files for data exchange. The built-in tessellation algorithm creates a simple boundary representation that covers the surface of the solid with triangulation by an outward normal and the coordinate of three ordered points [START_REF] Ledalla | Performance Evaluation of Various STL File Mesh Refining Algorithms Applied for FDM-RP Process[END_REF].

3) Tessellated 3D model Tessellated CAD model have become a standard of AM technology. The tessellated CAD data has advantages in reducing computational time and cost, and it has many disadvantages on the loss of original CAD topological and geometric data. The modification of tessellated process can obtain more precise and accurate geometric data by compensating part print and layer tolerance.

Then tessellation rebuilds geometric mesh for CAD model according to prin t requirements and tolerance offsets [START_REF] Schleich | A discrete geometry approach for tolerance analysis of mechanism[END_REF].

4) Build file

The build file process includes build object orientation, support structure, slicing, and path planning. The build orientation determines the printing directions for CAD geometry solid, which optimise the print time and cost. The support structure will be design to support the print part in prototyping process so that it can be accurately finished without any collapse. Slicing is one of the most important process and determines the print layer in AM, which affects the quality and build method of print part. Slicing for AM can be divided into three Université de Technologie de Compiègne main categories: direct slicing, adaptive slicing and cross -section oriented data format [START_REF] Koc | Smoothing STL files by Max -Fit biarc curves for rapid prototyping[END_REF]. Many researchers have worked on these three kinds of slicing of the CAD model. 2.5D slicing process for each layer is very important because it decides the subsequent toolpath generation. However, layer-by-layer print will accompany with tolerance generations, such as staircase effect, deposition uncertainty (i.e. Coffee Ring effect, Marangoni effect) (J. Xiao, Wang, Luo, & Hu, 2015), and discrete geometry data errors, which are the source of tolerance information in manufacturing process. In addition, we need to eliminate or reduce these tolerances. Slicing preprocessing firstly reads geometric solid model and extracts topological information. Adaptive slicing algorithms calculates slice thickness and optimize their parameters by balancing the cost and time [START_REF] Jin | An adaptive process planning approach of rapid prototyping and manufacturing[END_REF].

The path panning for each layer is determined according to defined information such as machine constraints and rules, processing parameters, and support structure [START_REF] Kim | Streamlining the additive manufacturing digital spectrum: A systems approach[END_REF].

5) Machine data

As we know, machine data needs to be considered to generate parameters for each layer in data interpretable process. Process standards as an implementation means generate machine interpretable information including machine readability, interoperability and interpretation requirements [START_REF] Amaitik | An intelligent process planning system for prismatic parts using STEP features[END_REF]. The interpreted data is converted by programming codes and specific print process (i.e.: planning paths and parameters). AM print data should be converted into machine-interpretable languages and meet the requirements for entire information system, including compatibility, system fitness, building history, etc. However, specific AM process information in the digital thread includes build orientation, support structure location, and process parameters (S. [START_REF] Pande | A generative process planning system for parts produced by rapid prototyping[END_REF]. Actually, it is necessary to consider more related information for integrated AM, including geometric information, material information, and print information. The geometric information of each layer determines the related information of print header movement, i.e.: header movement, axis movement, header position, or layer thickness [START_REF] Zhou | STEP-based approach for direct slicing of CAD models for layered manufacturing[END_REF].

The material information describes printed material property (i.e.: melting point, physical viscosity, etc.), which will largely affect the printed parameters for different AM materials [START_REF] Rosen | Design for additive manufacturing: A method to explore unexplored regions of the design space[END_REF]. The print information involves the process planning and operations management to transfer print data and manage Université de Technologie de Compiègne information flow in entire digital thread (J. Xiao, Anwer, Durupt, Le Duigou, & Eynard, 2017c).

6) Fabricated part

The specific print parts have its suitable AM tools & technology for its printability and feasibility, involving to geometry, process, and mat erials [START_REF] Gao | The status, challenges, and future of additive manufacturing in engineering[END_REF]. In terms of laser sintering technology and inkjet printing technology, metal parts could be suitable for laser sintering technology rather than inkjet printing, while biological print is more suitable inkjet printing than other methods owing to the requirements of normal temperature. The definition axis and motion for AM tool and technology largely affects the interoperability of AM process information, which similarly integrates the machining and cutting tool specifications for post-processing [START_REF] Eiamsa-Ard | Part Reapir using a Hybrid Manufacturing System[END_REF]. Any fabricated information (i.e. environment, materials and parameters) should be specified. The post processing information includes support material removal, surface texture improvements, accuracy improvements, aesthetic improvement and property enhancement using thermal techniques.

7) Finished part

The phase for print part often needs post-processing to meet the original design requirements, such as surface roughness, mechanical strength, etc. The postprocessing includes support structure removal, surface accuracy improveme nts, and property enhancement. Similar to AM print process, the post -processing is based on traditional manufacturing or process (i.e.: machining, polishing, painting, heat treatment, etc.) to make the print part meet the original requirements. In summary, this phase also needs to deal with geometric information, machining specification, material information, and process parameters.

8) Validated part

The validation and verification of print part are generated and documented by measuring its properties (i.e. tensile strength, toughness, fatigue strength, surface roughness, and porosity). These tests determine whether the qualification of part meets the design and customer requirements. The testing methods will be documented with more information for further usage, including analysis and traceability [START_REF] Lubell | Model-Based Enterprise Summit Report[END_REF]. Université de Technologie de Compiègne

For information system architecture, the system integration of AM digital thread has focused on these phrases above defined by Kim et al. The fundamental phrases are to link product and process information for AM part during entire product lifecycle. Product information, incl uding geometry, tolerance and material, is essential to provide the related information between CAD design models and AM software for planning, printing, and inspections.

Robust representations for product information mainly consider the interoperability of printed part with downstream activities, such as manufacturing, inspection and long-term archiving (R. R. [START_REF] Lipman | Exploring Model-based Engineerig Concepts for Additive Manufacturing[END_REF]. Process information needs to provide the fundamental operating definitions for specific print part. On the one hand, Process information determine the sequence of manufacturing operations with AM specific print methods, including build orientation, support structure, slicing, and toolpath generation. On the other hand, the process refers to platform motions, machine element and tool definitions, and specified operations and procedures, which is poor to represent process related definitions with generalized data model (J. Xiao, Anwer, Durupt, Le Duigou, & Eynard, 2017a). In short, the integration of AM digital flow mainly depends on modelling data and process, and the usage of standards considering all activities related to AM during product lifecycles. describes potential applications of AM data schema, including design optimization, process planning, predictive modelling, function analysis, inprocess control, etc. Role context presents comprehensive information needs to enhance the interoperability for whole AM systems, which mainly involves designer, operators, engineers, material scientists, and even AM equipment manufacturers [START_REF] Livesu | Towards an Integrated Data Schema Design for Additive Mnaufacturing: Conceptual Modeling[END_REF]. The digital thread is to extend the AM informatics platform for the integration of product and process information, which enables the data discovery and analytics in collaborative AM workflows [START_REF] Mies | Overview of Additive Manufacturing Informatics: "A Digital Thread[END_REF]. However, existing and emerging standards for part geometry, tolerance, material, process planning, and even manufacturing process is crucial to the system integration of digital thread. In the next section, the detailed formats of data exchange for product and process representations will be introduced.

AM Print formats

Standards play an important role in AM technology and there has been significant work in developing AM standards through the ASTM International F42 committee. These standards in materials and processes, terminology, design and data format, and test method have widely applied in solving engineering and technical problems of AM process. Some of standardized formats include Standard Tessellated Language (STL), Additive Manufacturing File (AMF), 3D Manufacturing File (3MF) and STandard for the Exchange of Product (STEP), which mainly have more integrated information with level of complexity in Figure 1234. The digital presentation and sharing of diverse technical information will be presented as follows. [START_REF] Szilvśi-Nagy | Analysis of STL files[END_REF]. STL file usually need to be repaired to ensure that it can be pre-processed (sliced) for 3D printing. The tessellation can also be modified in other ways to optimise the manufacturing process. The basic tessellated algorithm has two basic steps: edge subdivision and face triangulation.

Although STL format is a very simple, there exists many deficiencies, such as redundancy in the format, lack of complete geometric description, not welldefined approximation and lack of technological information, etc. Therefore, it is clear that STL format should be replaced by a suitable format. structure. As we know, STL format only represents the objects in a latticework of triangular mesh, while AMF can specify the material, texture, and colour of each volume, as well as colour of each triangle in the mesh. In addition, in order to improve geometric accuracy and to reduce surface triangles, individual triangles within object lattice can be curved. AMF has more readabil ity of functions than STL for additional information, such as colour specification, texture maps, material specification, constellations, additional meta -data, formulas and curved triangles. However, AMF format has been developed to be independent of model resolution and layer thickness.

3) 3D Manufacturing File (3MF)

In order to solve customers' existing problems and future needs, 3MF consortium came up with 3D Manufacturing Format (3MF) in 2015 as a new 3D printing format. 3MF is also an XML-based data format, which supports not only interoperability issues but also design innovation between CAD software and printing platform. 3MF can describe the information related to material, color, print ticket, and digital signature. By comparing STL data format, we know that the 3MF data format includes the extension of material and its property information, the common data structure, short and clear specification, and free access for private and public developer ("https://www.businesswire.com/news/home/20150430007060/en/3MF-Consortium-Launches-Advance-3D-Printing-Technology," 2015). One of the main purpose of 3MF is to bridge the related information directly between CAD design and printing software. In short, 3MF has more integrated information than the STL data format, but with the development of information system, product design and manufacturing process need to integrate the more information for data exchange and sharing of various systems. 4) STandard for the Exchange of Product (STEP/STEP-NC) For product design system, STEP (ISO 10303) is a family of standards defining a methodology for describing product data throughout product life cycle [START_REF] Assouroko | Survey on standards for product data exchange and sharing : application in CAD / CAE interoperability[END_REF]. STEP is widely used in Université de Technologie de Compiègne CAD systems and is a critical enabler of digital manufacturing and an information-based paradigm that allows for rapid design-to-production and reduces downstream costs. It is often used for long-term archiving and retrieval of product information. ISO 10303 covers a wide variety of different product types, and describes product data models in several application protocols (APs).

Two STEP application protocols that have been widely implemented in CAD systems: AP203 (ISO 10303-203, 2011) known as 3D design of mechanical parts and assemblies and AP214 (ISO 10303-214, 2010) known as automotive mechanical design. STEP AP242, known as Managed Model Based 3D Engineering, is a new STEP specification approved by ISO in 2014(ISO 10303-242, 2014). It integrates the scopes of both AP203 and AP214, and contains many new capabilities that enable the machine-readable representation of manufacturing and assembly information, such as assembly tolerances, surface finish, and manufacturing process information. STEP AP242 covers many computable representations for several kinds of 3D model data, including GD&T. The capability of STEP AP242 associated with product geometry enables manufacturing systems to be intelligent.

For manufacturing process systems, STEP-NC standards are one of the current state-of-the-art solutions to facilitate process data sharing and exchange. AM printing process and axis motion commands will be executed by STEP -NC control language, which will mainly focus on toolpath, visual process, machine simulation, inspection, tolerance optimization and associativity. STEP -NC has replaced ISO 6983 (G-code) as a data model that links CAD/CAM systems and CNC machines, which specifies machine process rather than machining [START_REF] Živanović | A new CNC programming method using STEP-NC protocol[END_REF]. STEP-NC standard is mainly based on STEP standard to extend the required information to the specific manufacturing strategy. STEP-NC largely structures a number of information for entire manufacturing process. On one hand, it can transfer and archive the modification information in STEP-NC file. On the other hand, it is not necessary to translate machine-specified information from computer language to machine understandable language. STEP-NC standard will be applied to define the required information through computer-aided engineering systems [START_REF] Danjou | Manufacturing knowledge management based on STEP-NC standard: a Closed-Loop Manufacturing approach[END_REF].

The previous sub-sections describe the two types of the integration and standardization for AM information system in entire product lifecycle. The first type concerns the integration related to the digital thread of AM system.

The integration allows considering more executable information from original Université de Technologie de Compiègne design phrase to final parts in entire interoperable systems. The second type focuses on the standards related to AM print formats. An integrated and standardized information system for AM is required during whole product lifecycle. By analyzing the development trends of AM information systems, the scientific problems and the research objectives will be pointed out in next subsections.

The aims for integration and standardisation

With the rapid development of industrial information, especially for AM, one standard with integration of the whole digital thread (CAD-CAPP-CAM-CNC-CMM) has become a popular trend for realizing the data interoperability during entire product lifecycle [START_REF] Bonnard | STEP-NC digital thread for additive manufacturing: data model, implementation and validation[END_REF]. Over several decades, robotics and other machinery has been changing the manufacturing environment, which enable the automated manufacturing chain by integrating computer standard control and data exchange [START_REF] Thomas | Economics of the U . S . Additive Manufacturing Industry[END_REF].

However, as shown in Figure 1-5, the worldwide market for AM products and services has steadily and rapidly expanded since the 1980s as shown in Figure ,   which similarly describes the percentages of various countries for AM industrial system applications [START_REF] Ford | Additive Manufacturing Technology : Potential Implications for U . S . Manufacturing[END_REF]. The attentions of AM has dramatically been paid again that dates back to the Obama's speech in 2013.

Furthermore, it occurred that the Working Group on Industry 4.0 has been proposed on a set of industry 4.0 implementation methods in 2013 (Industrie 4.0 Plattform, 2013). Subsequently, china government proposed a similar concept that focused on the program for China 2025. Therefore, AM information will be a huge trend for integrating its products and services in the future.

In order to solve the integration of AM information, many new concepts have been proposed for massive production and intellectual manufacturing, such as cyber-physical system (CPS), Internet of Thing (IoT), and smart factories except from Industry 4.0. In this context, the standardization of AM digital thread has become a challenge for production planning and manufacturing process [START_REF] Cha | A roadmap for implementing new manufacturing technology based on STEP-NC[END_REF][START_REF] Xiao | Information exchange standards for design, tolerancing and Additive Manufacturing: a research review[END_REF]. Université de Technologie de Compiègne However, we will briefly introduce the purposes of the standardization of digital thread for AM information exchange. I intend to create a neutral physical file to exchange AM print data that covers the whole AM information from CAD, CAPP, CAM, CNC, to CMM by combining the specific STEP and STEP-NC standards. However, there are three points needed to illustrate: AM processes, digital thread, and standards. Firstly, we know that AM processes have experienced a series of substantial progress according to these specific applied technologies, such as powder sintering technology, lithography curing technology, free form technology, material binding technology, fusion technology, etc. Therefore, we need to define the related informat ion for specific AM process with various printing technologies. According to many literatures [START_REF] Cha | A roadmap for implementing new manufacturing technology based on STEP-NC[END_REF][START_REF] Xiao | Information exchange standards for design, tolerancing and Additive Manufacturing: a research review[END_REF], the specific AM processes should be considered by the concept of digital thread and specific print standards. Secondly, digital thread can be also called as "digital chain or numerical chain or CAx chain", which involves computer-aided design (CAD), computer-aided process planning (CAPP), computer-aided manufacturing (CAM), computer numerical control (CNC), and coordinate measuring machine (CMM) as a set of interoperable design and manufacturing processes. Actually, digital thread describes the numerical data exchange from the original de sign, analysis and simulation, planning and fabrication, to the final part. Actually, digital thread should include various system methods to analyze and even optimize the actual issues of information exchange and sharing, such as cyberphysical system (CPS) [START_REF] Khaitan | Design Techniques and Applications of Cyber Physical Systems : A Survey[END_REF], Internet of Thing (IoT) [START_REF] Weber | Internet of things[END_REF], and Cloud manufacturing (CM) (Xun Xu, 2012).

Finally, considering the information loss or redundancy in data-intensive Université de Technologie de Compiègne digital thread, STEP/STEP-NC can be applied to support related information exchange and sharing by a series of design and manufacturing standards.

In summary, in order to enhance the interoperability of AM information, STEP/STEP-NC will be also a potential candidate to support the related data exchange and sharing in digital thread. It is necessary to emphasize our purpose that develops the unified neutral file to integrate all related design and manufacturing information based on STEP/STEP-NC standards. The neutral file based on STEP/STEP-NC standards will be compiled by STEP Part 21, which is used to describe all the related information in entire digital thread.

Obviously, the print file will transfer the required information from design, analysis, optimization, decision-making, planning, simulation, manufacturing, measuring feedback, and so forth. Because the multiple interoperability from CAD, CAPP, CAM, CNC, to CMM may lead to the loss of transferred information, it is urgent to develop a unified neutral physical file covering the entire product lifecycle in the future. Next we will introduce the scientific problems and research objectives in detail.



Scientific problems and research objectives

Scientific problems

As depicted previously, in order to achieve the integration and standardization of system engineering for AM information management, more attentions should be paid to the two types: the AM digital thread and the standard of print format. The former raises "Process-based problems" while the latter brings up "Data-related problems" [START_REF] Nassar | A proposed digital thread for additive manufacturing[END_REF] For the AM digital thread, according to Kim's proposals [START_REF] Kim | Streamlining the additive manufacturing digital spectrum: A systems approach[END_REF], "Process-based problems" are linked to the fact that although the digital interaction during design-to-product transformation is still maturing, the interoperability of digital application systems and the enhancement of digital capability need to be improved for AM. In addition, the integration related to digital spectrum has still many challenges on addressing design, modeling, build plan, machine control information, supporting software and infrastructure, and control [START_REF] Bonnard | A new digital chain for additive manufacturing processes[END_REF][START_REF] Nassar | A proposed digital thread for additive manufacturing[END_REF].

Due to the increasing magnitude and intricacy of AM process, the integration of digital data will mainly focus on two parts: process plan and automatic manufacturing (J. Xiao et al., 2017a). As shown in Figure 1-5, specific AM process (i.e.: part design, process plan, manufacturing and operations management, and post-processing) needs to integrate all of information related to the desired part during product lifecycle.

For the standard of print format, according to R. Lipman's proposals (R. R. 

2015)

. As shown in Table 1-1, by referring to some literatures for existing AM formats, these characteristics are applied to compare their advantages and disadvantages, including file language, tessellated geometry, material, product manufacturing information (PMI), tolerance, process planning and operation management. Clearly, STEP standard can be a good basis for future research work to integrate and standardise an integration AM information model (J. [START_REF] Xiao | Information exchange standards for design, tolerancing and Additive Manufacturing: a research review[END_REF]. However, neither academia nor industry has yet provided explicit solutions to solve such two kinds of problems. Considering the two kinds of problems existing in AM information system, the research objectives will be presented in next sub-section.

Research objectives

The two kinds of scientific problems related to the digital thread and the standard formats of AM information systems discussed before reveal our research objectives in this sub-section. As shown in Figure 1-6, the research objectives are to realize the integration related to process in digital thread (mainly process plan and manufacturing process), and extend the standard The first research objectives is relevant to the process-based problems. As discussed before, AM technology needs to have a unified paradigm for sharing of all digital information associated with process from design, process plan, AM operations to validation and verification. With the requirements of increasing magnitude and intricacy in AM process, both the functionality and the modelling capability of AM information systems become increasingly integrated and enhanced respectively. All of process-related information has been gradually integrated into the AM digital thread during entire product lifecycle. However, due to the intricacies coming from AM processes related to the manufacturing repeatability and reliability, affordability, and even printability during entire digital thread, lack of uniform interpretation of process-related data often impede such integrated process [START_REF] Gibson | Additive Manufacturing Technologies Rapid Prototyping to Direct Digital Manufacturing[END_REF]. As a result, the first research objective is to provide a standard model to represent the uniform data transfer of process planning and manufacturing process during digital thread. In other words, a standard model in AM system should be proposed. Such model representation describes not only the definition of application object and entities designed by specific AM process, but also the relations between them that enable the communication of interoperable information in AM process, especially for process planning and manufacturing process. In order to achieve this objective, current process Jinhua XIAO 30 Université de Technologie de Compiègne modelling approach should be further developed according to the specifications and requirements of AM system.

The second research objective is relevant to the data-related problems.

Considering the needs of AM data exchange process, the printing file format is used to send product and process data to printers based on AM standards. A new data format which can realise a better interoperability and integration of the various product and process information during entire AM digital thread should be achieved based on STEP/STEP-NC standard. To be more precise, this new STEP/STEP-NC based print format should not only present original design information (i.e.: design geometry, material, tolerance, and even PM I) from CAD design system to a user-validated system, but also support process planning and machining-specific phases where all of information can be proceeded by transferring and sharing related data based on STEP/STEP -NC data standard in AM process. In a brief, the second objective is to develop a data format based on STEP/STEP-NC standard for specific AM process.

Specifically, the printing data format should represent all of information related to CAD/CAPP/CAM system as a neutral file to transfer the required data seamlessly for AM systems. In order to achieve the objective, current STEP/STEP-NC based data model should be completely built according to the principals of a series of STEP/STEP-NC standards.

In order to achieve the research objectives, the research questions will be pointed out in next sub-section.



Research questions

As discussed above, in order to achieve a higher magnitude of AM information integration and standardisation for entire product lifecycle, the designers should focus not only on the integration for specific process during AM digital thread (i.e.: integration related to process), but also on the standardisation for printing formats during data exchange and sharing (i.e.: standard related to data). Therefore, the main research questions addressed in this thesis are:

 Research questions related to the specific AM process: how to achieve the integration of process planning (PP) and manufacturing process (MP) during AM digital thread?

Jinhua XIAO 31 Université de Technologie de Compiègne  Research questions related to data standard: how to create data format for supporting the interoperability of various AM information systems?

A series of sub-questions are listed below for each of the main research questions.

Research questions related to the specific AM process

Two research sub-questions of the specific AM process can be identified as following:

 How to integrate the process planning As mentioned by M. Livesu [START_REF] Livesu | Towards an Integrated Data Schema Design for Additive Mnaufacturing: Conceptual Modeling[END_REF], process planning for AM process mainly includes a small set of standard operations: build orientation, support structure, slicing and toolpath generations. The purpose of process plan is firstly to help the designers discovering an optimal build orientation (e.g.: minimization of support structure, building time, accuracy and quality), and then to support adaptive slicing with related tool-paths according to optimization of the features of printed parts (S. [START_REF] Pande | A generative process planning system for parts produced by rapid prototyping[END_REF]. In addition, more attentions are paid to its parameters based on multi-attributes decision-making system (MADM) that determine the quality of the final part proposed by Zhang and Bernard (Y. Zhang & Bernard, 2014).

But beyond that, there are many other information required to be considered, such as material, product requirements and specification, and even mapping to AM process activities. As we know, multi-material products for AM is becoming very popular recently for fabricating the complex part. In computeraided process planning level, the planning is used to solve the problems about the selection of manufacturing process and determination of optimal process strategy into a physical component, which mainly focuses on process planning activity, including interpretation of design data, selection of operations, tools, datum, as well as cost and time (X Xu, Wang, & Newman, 2011).

In order to integrate the process planning information as mentioned above, a new STEP feature-based CAPP system becomes a potential candidate to carry out operation and tool selection, manufacturing parameter determination, and setup planning [START_REF] Amaitik | An intelligent process planning system for prismatic parts using STEP features[END_REF]. The integration of process planning emphasises such specific AM process information based on data standard. It Jinhua XIAO 32 Université de Technologie de Compiègne not only focuses on the selection of manufacturing process and determination of parameters, but also pay attention to the process activity.

 How to integrate the manufacturing process

The manufacturing process of specific AM process should focus on AM manufacturing operations, layered manufacturing feature, CNC control system, and manufacturing data management (J. Xiao et al., 2017a). Compos and Hardwick proposed a comprehensive and available information model for CNC manufacturing operations, which enables the users to observe the manufacturing data and understand the relationship between the manufacturing process [START_REF] Garrido Campos | A traceability information model for CNC manufacturing[END_REF]. The concept of AM layered feature has been presented to define the AM manufacturing feature based on material deposition layer-by-layer [START_REF] Rodriguez | Progresses in the Development of a STEP-NC Compliant Additive Manufacturing System[END_REF]. The specific manufacturing data includes the determination of raw material, available machine tool, and the selection of the operation sequences in whole data exchange and sharing (J. Xiao et al., 2017c). How to achieve the integration of manufacturing process has attracted increasing attention [START_REF] Gibson | Additive Manufacturing Technologies Rapid Prototyping to Direct Digital Manufacturing[END_REF].

The integration of manufacturing process covers the information of multiple processes, involving equipment, tooling, and all the sequencing of operat ions required to manufacturing a product (Yang, Qiao, Cai, Zhu, & Wulan, 2017).

In terms of AM technologies, because there no exists a unified method for all AM technologies to define the specific manufacturing process, because various AM technologies have the different print ways. Based on the similarity of traditional manufacturing process, manufacturing resource model focuses on CNC manufacturing facilities and auxiliary devices, which provides a good method to represent the specific AM process as a reference [START_REF] Vichare | A Unified Manufacturing Resource Model for representing CNC machining systems[END_REF].

However, as discussed above, manufacturing process has become more complex and integrated, and the specific process determines the AM digital thread during entire product lifecycle. Therefore, the process not onl y presents a sequence of operations and process activities, but also includes the management of manufacturing data and resource. In the future, there are still some needs to define them based on some specific standards for traditional manufacturing. In a short, manufacturing process for AM is still a very important process to realise the computer-integrated manufacturing, and there will be much challenges required to overcome as well.
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Research questions related to data standard

Section 1.2.1 presents the challenges relevant to the data-related problems. STEP/STEP-NC data standards have become a good candidate to represent the data exchange and sharing in AM digital thread. The specific data standard needs to define data elements, model data representation, and give a conformance assessment for the specific AM process. By analysing these challenges, three research sub-questions of data standard can be identified:

 How to define related data elements?

The International Organisation for Standardisation is a worldwide federation of national standards bodies, which was further specified into ISO 13030 (STEP) by technical committees to represent industrial data and global manufacturing in industrial automation systems and integration (IS0 10303-1, 1994). In the data exchange and sharing, data standards as an important factor determine the interoperability of CAD design and process systems, which will mainly focus on process planning and manufacturing process to define their related entities in entire digital thread. The data elements mainly include data entities, types, and their associated constraints defined as part of data representation.

For data-related standards for process planning, the data representation is not comprehensive because of lack of common vocabulary. In order to integrate the specific process planning for AM, the conformed definitions for AM process planning need to be given based on STEP standards, ISO 15531, and ISO 18828 as shown in Table 12 For data-related standards for manufacturing process, owing to the huge differences on manufacturing process between traditional manufacturing and additive manufacturing, the specific AM process needs to redefine their some ISO 10303-238 (ISO 10303-238, 2007) In short, data standards as a reference are applied to define the related data elements on process planning and manufacturing process for AM. Obviously, it is necessary to provide the related data elements to build the data model for process planning and manufacturing process, which focus on the specific AM design and process during entire product lifecycle.

 How to represent the data model?

For the original definition of data model from Wikipedia (Wikipedia, n.d.), "data model is a set of tables, linked by relationships and is an abstract model that organizes elements of data and standardizes how they relate to one another and to properties of the real world entities". In data change and sharing for AM process, data model is to represent the related entities and their relationship that makes them support the functionality and interoperability among all AM systems. However, the data representation will focus on model representation and description language for specific AM process and planning model.

For model representations, the data representation can be described by three kind of data models, namely application interpreted model (AIM), application reference model (ARM), and application activity model (AAM). As edited by Sharon J. Kemmerer [START_REF] Kemmerer | The Grand Experience[END_REF], AIM is applied to refine the concept of global models that provides a formal description of the mapping between ARM and resource models. ARM is a specific-application model with clearly defined scopes and functional requirements. AAM is developed to establish understanding of the application tasks, processes, and the information flow of the application domain. For my perspectives, ARM can map into AIM by the interpretation of semantics, syntax, and structure in a specific application
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For description languages, based on various model representations, there exist some rules and descriptive ways needed to carry out the specific applications so that descriptive languages are created. For ARM/AIM, EXPRESS -G (ISO 10303-11, 2002) will be a good candidate to describe the data model of the specific application, while IDEF0 (IDEF0, 1993)will also be used to product a "functional model" that represents the functions, activities or processes within the application systems. Therefore, the EXPRESS-G and IDEF0 descriptive language will be applied to represent the specific data model on process planning and manufacturing process for AM.

 How to analyse the conformance?

After data model representations, it is necessary to analyse the conformance testing of data models based on the relevant standards in the specific application context. The conformance testing is used to provide a basis for determining whether application products can be interoperated, which includes the developments of test suites and tools for generating valid data [START_REF] Kindrick | Improving conformance and interoperability testing[END_REF]. Based on the relevant standards as shown in Table 1-4, the conformance testing for process planning and manufacturing process data needs to be specified by analysing the input and output data, proposing related criteria, and developing testing suites and tools. In a word, in order to solve these problems, standard committee carries out the strict conformance requirements, defined test purpose and other specific requirements. However, conformance testing will provide input data in one format to verify the correctness of the output by applied criteria and test tools with a reference system. During this test, we need to consider the output of
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The sub-question of the two main research questions have been highlighted before. Table 1-5 shows the summary of the two main research questions and their sub-questions.

Table 12345Main research questions and their sub-questions.

Main research questions

Sub-questions description

Questions related to the specific AM process How to integrate the process planning Certain a phase in digital thread which focuses on the integration of shape aspects, materials, deposition process , process plan activity, planning property parameters, and related requirements and specifications.

How to integrate the manufacturing process

Next to process planning phase, namely manufacturing process which mainly implements manufacturing layer feature, AM working step, and AM operations, including AM tool definitions, deposition strategies, tool paths, AM technology and functions, etc.

Questions related to the data standard

How to define related data elements?

Data elements in print standard is a fundamental unit to define the functionality and requirements of the application systems, so that it can correctly represent the application entities, types, their constraints between different elements.

How to represent the data model?

Data model is used to describe data exchange and standardise their relationships in the specific application context, mainly extending to process planning and manufacturing process based on ARM and AAM models.

How to assess the conformance

The assessment of conformance testing will mainly focus on the input data, verdict criteria, the output data, and testing suites and testing tools.

In summary, the information exchange in digital thread can be classified into two categories: process information and data standard (J. [START_REF] Xiao | Information exchange standards for design, tolerancing and Additive Manufacturing: a research review[END_REF].

The specific AM process information, including process planning and manufacturing process, is considered as significant research points for the integration and standardization of digital thread. At the same time, the effective information exchange needs to provide a conformed data standard for the definition and representation of specific application models. The relationship between the specific AM process information and data standard is Université de Technologie de Compiègne very important to detail the data element, data model and conformance assessment for process planning and manufacturing process.

In order to position the research proposition relatively to current integration and standardization of AM digital thread, next chapter will describe the state of the art followed by the research propositions. Université de Technologie de Compiègne

State of the art

This chapter reviews current research works of ISO 10303/ISO 14649 based information exchange in AM process planning and manufacturing process. As above discussed, in order to achieve the integration and standardisation of AM information systems, the definitions of specific AM process planning and manufacturing, and the representation of ISO 10303/ISO 14649 data standards are considered as the potential solutions to the main research questions presented in Chapter 1. In this chapter, two approaches, digital thread (DT) and information systems (IS), are first reviewed. On the one hand, process planning and manufacturing process are considered as a part of DT for improving the system integration. On the other hand, data standard based on ISO 10303/ISO 14649 has been introduced to describe the interoperability of IS during entire DT. Then, current research works on ISO 10303/ISO 14649 based information models enabling the integration and standardisation of process planning and manufacturing process in AM are therefore presented. In addition, the conformance assessment is very necessary to evaluate the correctness, completeness, and interoperability of proposed information model for process planning and manufacturing process. By analysing the ISO 10303/ISO 14649 data standards and specifying the AM process, the research approaches will be also introduced in this chapter.



Process planning

Process planning is mainly to focus on the selection of necessary manufacturing process and determination of their machining sequence in manufacturing process. Similarly, process planning includes the interpretation of design data, selection of machining operations, decision-makings of machining sequence, choices of machining tools, and management of requirements and specifications as well as optimization of cost and production time (X Xu et al., 2011). As shown in Figure 2-1, the proposed process planning structure presents the specific process planning tasks and STEP AP Jinhua XIAO 39 Université de Technologie de Compiègne 242 file as input, which contains geometry and topology information, material information, process information, and product manufacturing information.

Based on the concept of computer-aided process planning (CAPP), many researchers have given the comprehensive reviews on CAPP technologies, mainly including feature-based process planning [START_REF] Ho | Feature-Based Process Planning and Automatic Numerical Control[END_REF], knowledge-based process planning [START_REF] Park | Knowledge capturing methodology in process planning[END_REF], STEP-Compliant process planning [START_REF] Kang | An approach for interlinking design and process planning[END_REF]. STEP-compliant process planning will be presented in detail below.

Figure 2-1: Process planning structure [START_REF] Wardhani | Model-Based Manufacturing Based on STEP AP242[END_REF].

We know STEP/STEP-NC compliant process planning research to provide high efficiency for information exchange and sharing between different applications during design and manufacturing. However, we know that STEP AP 224 is a very important application protocol that describes the mechanical product definitions for process planning using machining features (ISO 10303-224, 2006). STEP AP 240 defines the information requirements for representing macro process planning for CNC manufacturing, and specifies the integrated resource to meet the related requirements (ISO 10303-240, 2005). For many researches, an approach for interlinking design and process planning has been proposed to describe feature recognitions, manufacturing information handling, and interface implementation based on STEP AP 224 [START_REF] Kang | An approach for interlinking design and process planning[END_REF]. With the development of STEP compliant process planning system, nonlinear process planning based on STEP-NC has been used to develop an optimal solution algorithm for implementation and test, namely TurnSTEP (Chung &
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Jinhua XIAO 40 Université de Technologie de Compiègne [START_REF] Chung | ISO 14649-based nonlinear process planning implementation for complex machining[END_REF]. Certainly, owing to the combination of feature-based technology, a hybrid approach for process planning based on STEP AP 203 has been proposed to recognise manufacturing features from 3D model data [START_REF] Rameshbabu | Hybrid feature recognition method for setup planning from STEP AP-203[END_REF]. [START_REF] Amaitik | An intelligent process planning system for prismatic parts using STEP features[END_REF] As shown in Figure 2-2, a process planning system for prismatic parts based on STEP have been developed the architecture of the proposed STEP -compliant system, which includes two main subsystems: STEP-based feature modeller (STEP-FM) and STEP-based intelligent process planning (ST-Feat-CAPP). In particular, STEP-compliant process planning system not only describes geometric representation based on AP 203 or AP 214, but also translates machining features defined in AP 224. However, machining feature definitions mainly focus on macro process planning and micro process planning. The former is based on AP 240 for machining, and the latter is based on AP 238 for machining and AP 219 for inspection.

By analyzing the process planning in digital thread, there are many differences for AM to determine the sequence of individual manufacturing operations with Université de Technologie de Compiègne certain machines. As reviewing many literatures, process planning for AM technologies is made up of four parts: build orientation, support structure, slicing and toolpath generation (S. [START_REF] Pande | A generative process planning system for parts produced by rapid prototyping[END_REF]. For process planning for AM, a quick and unified approach has been developed to quantify the manufacturing build time, accuracy, and cost time [START_REF] Verma | Computational geometric solutions for efficient additive manufacturing process planning[END_REF]. Furthermore, the process planning of multiple material printing has been presented by multi-material model, involving process fabrication, slicing and toolpath generation [START_REF] Li | The Current Status of Process Planning for Multi-Material Rapid Prototyping Université de Technologie de Compiègne Fabrication[END_REF]. At the same time, a multi-attribute decision-making system has been introduce to select material and determine relevant parameters in process planning for AM.

In this section, four aspects dealing with the process planning for additive manufacturing are divided into build orientation, support structure, slicing, and path planning. For build orientation, there are mainly three kinds of the related technologies, including unidirectional printing, multi-directional printing, and adaptive print orientation. For support structure, then it is designed to meet the manufacturability in printing process by optimizing the material structures, which mainly consider the build time, material waste, and the printability of the desired parts. For slicing process, it provides the layered structure as manufacturing feature. It can be classified into three parts: direct slicing, multi-direction slicing, and adaptive slicing. For path planning, it will be determined to accomplish the desired part. There are two methods for applying the print path in the AM technologies: vector-based motions of a tool, and layered-based print. For additional information for AM process plan, it considers not only the product planning but also AM resource planning to make the optimal decisions for final plans. However, it is very significant to optimize the specific process plans in product lifecycle.

Build orientation

In the process planning analysis for AM, it is very necessary to determine the original build orientation of a print part, which needs to consider the optimal planning methods, such as build time, material and manufacturing cost, and even surface tolerances. As we know, build orientation can be optimize by some available algorithms that takes into accounts various parameters (i.e.: volume of the support structure, manufacturing cost, surface accuracy, decision-making printing of multiple parts, etc.) [START_REF] Byun | Determination of the optimal build direction for different rapid prototyping processes using multi-criterion decision making[END_REF]. Université de Technologie de Compiègne However, the purpose of build orientation is to develop the decision -making support system to help the manufacturer to choose the optimal build -up direction of print parts.

As reviewing many literatures, a multi-objective approach for determining the optimal build-up orientation has been developed by reducing the production time and minimizing the use of support and cost (W. Cheng, J.Y.H. Fuh, A.Y.C. Nee, Y.S. [START_REF] Cheng | Optimization of Part-Building Orientation in Stereolithography[END_REF]. Additionally, a common approach is used to determine the orientation of printed parts according to minimizing support structure [START_REF] Alexander | Part orientation and build cost determination in layered manufacturing[END_REF]. There is another optimization method to define the build orientation based on minimizing the process error during manufacturing process [START_REF] Lin | Optimization with minimum process error for layered manufacturing fabrication[END_REF]. At the same time, the minimum volumetric error is a very important factor to optimize the optimal build-up orientation [START_REF] Masood | A generic algorithm for a best part orientation system for complex parts in rapid prototyping[END_REF]. By optimizing the build cost, accuracy, and time for AM process, the final build orientation will be determined in general print process. Actually, there exist many methods for determining the final build orientation on process plan, so the build orientation of the bend structure can be designed by changing all the time according to the geometric structure as shown in Fig. 234. the emergence of multi-axis manufacturing system provides the chance to fabricate the desired parts with various build orientation without any support [START_REF] Ding | Automatic multi-direction slicing algorithms for wire based additive manufacturing[END_REF]. However, with the difference of print structure, build orientation can be determined by a series of rules and strategies based on the optimization algorithms constrained by build time, minimizing support, material waste, etc. For example, as shown in Fig. 2345, the complex component can be decomposed into multiple parts that can be used to optimize the sequences of print directions with the specific orders (B1-B3-B2) [START_REF] Ding | Automatic multi-direction slicing algorithms for wire based additive manufacturing[END_REF]. Robotics AM is used to deposit material along multiple directions for complex components, which becomes an advantageous method for fabricating the complex components without support structure [START_REF] Prabhjot | Multi-Direction Slicing for Layered Manufacturing[END_REF]. Next, we will present the reviews of support structure in detail.

Support structure

After determining the final build orientation, support structure will be required to generate its distribution for supporting the morphology of print parts without any collapse. In general, support structure is used to ensure the best surface quality and stability with least materials during the printing process. There are many types on the specific support structure, mainly including tree -like structure, honeycomb, foam, lattice structure and so on. In order to bridge the gap between automated steady scaffoldings for fused filament fabrication (FFF), two existing techniques for support structure has been proposed, namely the reliable prints in a dense structure and the thin hierarchical structures [START_REF] Dumas | Bridging the Gap: Automated Steady Scaffoldings for 3D Printing[END_REF]. However, there is an optimization framework for reducing the support structure with the optimized volume, material and printing time savings in fused deposition modelling (FDM) [START_REF] Vanek | Clever Support: Efficient Support Structure Generation for Digital Fabrication[END_REF]. I will give some detailed introductions about the optimization of support structure.

As we know, the possible printability and structural problems is motivating much researchers to solve them, which result in the proposition of support structure. At the same time, the optimization of support structure has become a trend to acquire the best manufacturing part that develop some new optimised methods, including reducing the printed material, building the printing volumes, and minimizing printing time. Actually, the simplest method to determine the support structure is to select the best build-up direction. A skinframe structure has been designed to reduce the material cost that it o ptimizes material volume to ensure its stability and printability [START_REF] Wah | Cost-effective printing of 3D objects with skin-frame structures[END_REF].

There is a method to reduce the print time and material by generating spaceefficient branching support structure in fused-filament 3D printing, which uses 75% less plastic than the build-up supports [START_REF] Wah | Cost-effective printing of 3D objects with skin-frame structures[END_REF]. Université de Technologie de Compiègne However, there are many various structures for supporting the print part that is mainly used to avoid the collapse of print structures with the minimized material and shortest time. The lattice structure is a very important structure for realizing the optimization print for AM. As shown in Fig. 23456, the specific lattice structure has been optimized to decide the cantilever print with the reduced material [START_REF] Hussein | Advanced lattice support structures for metal additive manufacturing[END_REF]. The research of the overhanging cantilever was to focus on the effectiveness of the latt ice structure and its deformation. We know that lattice structure might be a good structure for providing the support in AM printing process.

Figure 2-6: One cantilever supported by lattice structure [START_REF] Hussein | Advanced lattice support structures for metal additive manufacturing[END_REF] Besides the lattice structure, there are many other optimization methods to determine the support with the optimized structure as shown in Fig. 234567. And there are also many questions for support structure, including determining support requirements, support geometry, topology optimization, and print stability [START_REF] Dumas | Bridging the Gap: Automated Steady Scaffoldings for 3D Printing[END_REF]. Firstly, determining support requirements is a very important process to ensure the correct print for even steeped angle by support generation algorithm, considering whether the deposition material can be supported by the print paths. Secondly, support geometry needs to consider the support volume, which determines the infill pattern for the support print according the minimal material and print time [START_REF] Strano | A new approach to the design and optimisation of support structures in additive manufacturing[END_REF]. Thirdly, topology optimization is a necessary step for guarantying the optimal result of complex fabrication. Finally, print stability is a key point for ensuring the stability of print part at all stages of the printing process. Université de Technologie de Compiègne In short, support structure for AM digital thread is a very important process that has a huge influence on determining the optimization of process planning, such as print structure, print time, and even material waste. By considering various characteristics for print part, support structure can be designed and optimized. In the next, we will introduce slicing process in detail.

Slicing process

However, we know AM technology has been defined by ASME organisation, "Additive manufacturing (AM) is a process of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies." The definition mainly focuses on layer upon layer process, so the slicing is very important process compared with traditional manufacturing. Slicing procedure directly causes the staircase effects that are considered the cusp height. The simplest slicing procedure is to slice the 3D model into the uniform layers at the equal interval in build-up direction. However, the uniform slicing may produce the loss of the accuracy of the 3D model and result in the serious staircase effect. The adaptive slicing become a candidate to solve these problems above. In such a procedure, according to the advantage of adaptive slicing, the surface quality of the print part can be better with less built time compared with the uniform slicing [START_REF] Kulkarni | An accurate slicing procedure for layered manufacturing[END_REF]. The slicing procedure has many algorithms to optimize the layer thickness and cusp height with adaptive slicing for the printed part building in SLA system (F. Xu, 1997). Université de Technologie de Compiègne

Owing to the contradiction between build time and surface finish for slicing process, as shown in Fig. 2345678, slicing procedures can be classified various types under the specific requirements, such as slicing with uniform thickness and adaptive slicing. At the same time, adaptive slicing can be divided into slicing of tessellated CAD model and direct slicing solid or surface CAD model. However, it is clear that the slicing process can be carried out either directly on solid or surface model or on the tessellated model. The tessellated CAD model is not necessary process to directly produce the slicing approaches as the specific input that determines the final path planning for next printing process. The slicing needs to propose different slicing algorithms to reduce the geometry deviations and errors so that it can provide the optimal slicing approaches to obtain the quality of print parts. As referred to many literatures, there are many methods to propose the specific algorithms for direct slicing of CAD solid model. The powder bed fusion processes need to slice 3D solid model into a set of 2.5D layer with the given thickness perpendicular to the print direction (J. Zhang, 2004). An algorithm and representation for fabricating 3D shape using intersecting planar cut -outs provide a simple optimization and strategy for slicing elements [START_REF] Hildebrand | crdbrd: Shape Fabrication by Sliding Planar Slices[END_REF]. However, in order to address the optimization the relative build-up orientation by computing the Gauss map, free-form surface Université de Technologie de Compiègne along section cuts has been proposed to provide the description of the surface shape [START_REF] Hildebrand | crdbrd: Shape Fabrication by Sliding Planar Slices[END_REF]. Compared with the optimization framework in modelling of AM process, the slice thickness as an important factor is considered by applying the generated experimental data for optimizing laser energy consumption of the SLS process [START_REF] Panda | Empirical investigation of environmental characteristic of 3-D additive manufacturing process based Jinhua XIAO 150 Université de Technologie de Compiègne on slice thickness and part orientation[END_REF]. As mentioned before, with the requirements of the accurate and precise fabricated part, slicing process has proposed the ideas of multi-direction slicing methods [START_REF] Ding | Automatic multi-direction slicing algorithms for wire based additive manufacturing[END_REF]. To build the nonplanar slices for layered deposition process, a task framework with multiple directions has been presented to decrease the build time, material waste, and relevant cost [START_REF] Singh | Offset Slices for Multidirection Layered Deposition[END_REF]. Furthermore, the multiple directions to deposit material can reduce or eliminate the needs of support structure, which helps process planning avoid a lot of material waste [START_REF] Dwivedi | Process planning for multi -directional laser-based direct metal deposition[END_REF]. As shown in Figure 23456789., multiple direction slicing approaches describe the volume decomposition process including build orientation, depth-tree structures and model slicing. During this process, multi-direction slicing is a very important process that applies the specific slicing algorithms to deal with the complex structure of printed parts, which reduces or even eliminates the unnecessary support structure and time waste. However, slicing is a special process for AM that differs with other manufacturing technologies. There exists an important challenge that is to represent the data exchange for the sliced layers. Before we discussed this problem, we have known the fundamental print formats as illustrated in Chapter 1, such as STL, AMF, 3MF and STEP/STEP-NC. At present, sliced representation is required to provide the layer information based on the specific sliced model in CAD systems. Five slicing file formats, including SLC (Stereo Lithography Contour), CLI (Common Layer Interface), RPI (Rapid Prototyping Interface), LEAF (Layer Exchange ASCII Format) and LMI (Layer Manufacture Interface), are used to represent layer information [START_REF] Nassar | A proposed digital thread for additive manufacturing[END_REF]). As we know, slice formats for AM should include the layer thickness and other information that show the layer information. SLC generally applies the approximate polylines to represent 2D contour slices. CLI defines the line-based information for internal and external boundary. RPI contains STEP standards that provide a series of integrated resources for defining 2D contour and patterns. LEAF describes layer contours for their 2D polylines and circular arcs [START_REF] Dutta | Towards STEP-based data transfer in layered manufacturing[END_REF]. Sliced layer also can be used to combine multi-materials to represent their distribution each layer, which creates the sliced file based on multi-material object representation method (Z. [START_REF] Zhang | Slice data representation and format for multimaterial objects for additive manufacturing processes[END_REF].

In short, slicing has very important impacts on process planning, which determines the print method and optimal process as a very important factor.

From the staircase effect to slicing optimization, slicing specifies the data exchange in layer information. In order to ensure the quality of print part, slicing needs to optimize the specific parameters by slicing algorithm, and customizes the sliced representation for layer information. When slicing process is determined by optimal methods, path planning will be subsequently generated. Next, we will introduce the path planning in detail.

Path planning

Based on the method of uniform rationale B-spline (NURBS) curves that is used to represent the boundary contour for slicing layer, path generation deals with the geometry characteristics of each layer and optimizes the best slope degree of the zigzag path for minimizing build time. An optimization algorithm for minimizing the non-productive time during machining has been described by optimally connecting the toolpaths in the automated process planning system [START_REF] Castelino | Tool-path Optimization for Minimizing Airtime during Machining[END_REF]. An investigation of Université de Technologie de Compiègne determination of optimal path under approach and constraints provides an optimization of non-productive movement to reduce the machining resident time and consumption [START_REF] Khan | Determination of optimal path under approach and exit constraints[END_REF]. In layered manufacturing applications, typical machining operations are typically described by a sequence of paths that defines the tool movement along each curve exactly. A genetic algorithm based approach is proposed to make a strategy for real-time path planning by combining Asymmetric Travelling Salesman Problem and Assignment Problem [START_REF] Wah | Cost-effective printing of 3D objects with skin-frame structures[END_REF]. In AM planning, there are two methods for identifying the direction of each contour into internal and external, which ensure the specific area needed to add the printed material [START_REF] Volpato | Identifying the directions of a set of 2D contours for additive manufacturing process planning[END_REF]. A available algorithm for the generation of AM toolpaths can be optimized by multiple material, speed, and precision in various AM technologies [START_REF] Livesu | Towards an Integrated Data Schema Design for Additive Mnaufacturing: Conceptual Modeling[END_REF].

Unlike orientation, support structure, and slicing, path planning do not deal with 3D CAD geometric models, but is a print process to implement geometric path and print parameters for printed layer. As shown in Fig. 2 -10, path pattern has been selected to describe the specific print paths for spiral path and contour/raster path. Actually, there are many parameters that can be used to determine the quality of print part, such as path coordinates, path spacing, and contour pattern [START_REF] Zhou | Path planning of functionally graded material objects for layered manufacturing[END_REF]. As referenced many literatures, various optimized algorithms are provided to minimize the optimal print paths for each layer. We can summarize some types of print paths, such as zigzag direction, contour profile, and path with hole features, which generate the optimal paths by balancing the minimization of support material and print time. For path planning, it is a fundamental part of process plan in AM. Firstly, tool path can applied the line or curve paths according NURBS or T-spline methods
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Jinhua XIAO 51 Université de Technologie de Compiègne (W. Xiao et al., 2016), which defines the freeform surface to implement the trajectory of print head in AM. Furthermore, path planning can be optimized by the specific algorithms that provides the optimal approach to minimize the material cost and print time. Finally, path planning can solve geometry path and print parameters, such as path coordinate, path spacing, contour pattern, and even path directions. However, it will be a challenge to provide the standardisation of geometric path and print parameters in path planning.

During entire process planning, build orientation determines the print directions. Support structure ensures the fundamental support without any collapse. Slicing provides the basic method to accumulate the layered structure.

Path planning defines the trajectory of print process. These processes will determine the final quality of print part. Next, we will introduce the manufacturing process.



Manufacturing process

In this section, there are two aspects about manufacturing process in the specific AM manufacturing process. For CNC machine, the process will consider tool definitions, manufacturing feature, and operations management during entire traditional manufacturing process. STEP-NC based process data model describes the data exchange and sharing for the specific process, such as workpiece, manufacturing feature, AM operations, and AM workplan and executable. The AM operations involve related tools, technology, operation strategy, and toolpath for various manufacturing technologies. For AM fabrication process, the definition of print header/devices and the printing operations will be very important to determine the quality of the printed part.

During the specific printing process, print information and process information have been defined in AM digital thread, which are used to transfer print data into machine-interpretable language and to execute the print devices to realize the final part.

Classification of AM technologies

The current standard terminology for additive manufacturing technology has been defined by the ASTM F2792-12A (ASTM F2792-12A, 2012). However, most of AM technology has been standardized entire information process
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Jinhua XIAO 52 Université de Technologie de Compiègne except for AM machine-specified process, because all types of AM technology contain different printing methods in manufacturing process, so it is very hard to standardize AM specified process. As shown in Figure 2-11, the fundamental solidified ways in AM process can be mainly summarized into melting, sintering, binding, curing and deposition. By analyzing these specified solidification ways, we consider that their purpose is to solidify the fabricating parts, so this process can be named as solidification process. However, if solidification process information need to integrate or standardize in industrial production, it will be necessary for AM machine-specified process that parameterize solidification information (J. Xiao et al., 2017a For AM prototype processes, the main technologies are to focus on melting, sintering, deposition, binding and curing process. However, these prototype processes can define these specific manufacturing processes particularly, which is dissimilar with one another in the specific manufacturing steps. Therefore, it is necessary to respectively define their specific printing features by building various process data models. Next, we will present all kinds of prototyping technologies as follows.

Melting prototyping

Melting is one of the most important printing technology in AM, which is extensively applied in the industrial manufacturing similar with welding technology [START_REF] Lee | A system integration framework through development of ISO 10303-based product model for steel bridges[END_REF]. Laser melting of metal powder enables the complex 3D parts to bond defined layer geometry by a continuous laser wave.
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The laser melting technology is different with the sintering technology that it can apply the successive laser wave to melt the metal powder, which mainly produce the high-density energy in print area [START_REF] Roberts | A three-dimensional finite element analysis of the temperature field during laser melting of metal powders in additive layer manufacturing[END_REF]. However, there are many advantages and disadvantages for this technology to consider the fluid property and energy characteristics. As we know, its advantage is to manufacture fully-dense metal parts without ant post-processing, such as infiltration, sintering, and hot isostatic pressing. Its disadvantage mainly focuses on high manufacturing cost for powder metal material with the proper size and morphology. For melting technology, it features the specific print operations and processes, such as energy source, melting operations and properties, material powder, etc.

Sintering prototyping

Sintering technology firstly applies in polymer and nylon to create the specific products. Gradually it is also extended to manufacture metals and alloys to develop its specific functional operations and tools [START_REF] Kumar | Selective laser sintering: A qualitative and objective approach[END_REF]. For its fundamental mechanism, sintering technology adopts two different meltingpoint materials in the powder-based system, which fuses only low meltingpoint material to make it to bind another higher one [START_REF] Simchi | On the development of direct metal laser sintering for rapid tooling[END_REF]. This sintering has a very wide range of material applications, including wax, ceramics, metal-composite powders, and alloys or steels. Owing to the existence of porous structure and poor mechanical property for sintering-based part, pre-process and post-process steps become necessary in dealing with these problems. The former is used to ensure the printability for sintering powder that should pay more attention to shape, size distribution, and flow rate. The latter might generate stress cracking, curling of layer, poor cohesion, and even porous or irregular surfaces, which will cause part shrinkage, porosity, poor mechanical strength, and inaccurate roughness. For sintering technology, it features the pre-and post-processes in sintering process.

Binding prototyping

The binding technology is used to print a liquid binder that binds powder material or layered sheet in 3D printing process. The process o nly prints waterbased binder to supply onto starch-based powder [START_REF] Wong | A Review of Additive Manufacturing[END_REF].
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54 Université de Technologie de Compiègne Two kinds of AM technology (3DP and Prometal) mainly apply this binding technology, which only develops a specific binder mapped with the related print material. As we know, this technology has its own advantages and disadvantages for the specific printed materials. Firstly, it can largely print different materials by a binder. But it is difficult to manufacture the high strong parts without any post-processing. For binding technology, it features the characteristics of print liquid-based binder and its post-processing.

Curing prototyping

Curing technology mainly focuses on Stereolithography (SL), which is most widely used process for additive manufacturing [START_REF] Ford | Additive Manufacturing Technology : Potential Implications for U . S . Manufacturing[END_REF]. The process will cure the photosensitive polymer when an ultraviolet laser contacts with the resin. The basic principle is the photopolymerization that a liquid polymer is converted into a solidified polymer by applying UV light as catalyst for a reacted process. At the same time, there is the possibility of using various materials by curing the mixture of polymer and new materials in the resin. For curing technology, it features the solidified process and the specific polymer during entire curing process.

Deposition prototyping

Deposition is a complex process that converts liquid into solid according to the original requirements. However, fused deposition modelling (FDM) has a wide application for depositing the print materials. Deposited thin filaments are melted or extruded by print head in FDM technology. At the same time, it applies various materials to print the final part, including polycarbonate (PC), acrylonitrile butadiene styrene (ABS), poly-phenyl-sulfone (PPSF), PC-ABS blends, and PC-ISO [START_REF] Wong | A Review of Additive Manufacturing[END_REF]. For micro-scale deposition, layered deposition becomes more important that it has own the deposition steps to accomplish the final parts, including vacuum magnetic sputtering system, electronic beaming vapour/deposition, and cladding, which mainly apply in micro mechanical devices for specific 3D functional structure [START_REF] Vaezi | A review on 3D micro-additive manufacturing technologies[END_REF]. For deposition technology, it features deposited approaches and mechanism to ensure the quality of print part.
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Manufacturing process for additive manufacturing

In this sub-section, CNC manufacturing for the specific manufacturing mainly includes the definitions of machine tools, and its feature and operations. On the one hand, the machine tools information will be described by modelling integrated data based on STEP-NC for traditional manufacturing data exchange and sharing. On the other hand, we know that it is very important for manufacturing process to define the manufacturing features and its specific operations. In summary, we will give a detailed introduction about CNC manufacturing in traditional manufacturing process.

In the automated manufacturing system, the multi-purpose machine tools are capable of executing manufacturing process to the finished parts. The printing tools in CNC manufacturing system have very important roles on providing information related to the specific tool for various manufacturing technologies.

Regarding the different machine tools and auxiliary devices available in the production process, machine tool resources describe the various machine elements with a hierarchy classification to recognise machine tools (Vichare, Nassehi, & Newman, 2009).

As we know, the printed parts is mainly affected by the capability of printing tools from the original tool to NC controller. STEP-NC is a good programming to represent machine tools in CNC level, and STEP-NC file can be interpreted to execute the command of machine tools and axis movements [START_REF] Rauch | An advanced STEP-NC controller for intelligent machining processes[END_REF]. The present works of ISO TC184 SC1/WG7 committee are building the integrated data model for tools and machine tools, which provides a common data standard to specify all the information related to process parameterisation and optimization ("ISO / TC 184 / SC 1 / wg7 WEBEX Meeting 2017-03," 2017).

In order to fabricate the desired part with the specific manufacturing features, various setups are required to a sequence of different tools mapping to the related manufacturing features [START_REF] Cha | A roadmap for implementing new manufacturing technology based on STEP-NC[END_REF]. As we know, manufacturing feature can be seen as a part of process planning, but it also provides the manufacturing features to the relevant operations. However, operations sequencing and tool selection are considered automatically based on criteria, including feature shapes, shape locations, tool access directions and feasibility of workpiece locating and clamping [START_REF] Miao | CAD-CAM integration using machining features[END_REF].
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For the specific AM process, AM manufacturing process involves manufacturing platforms motions, structures of printing headers or devices, specific operations, parameters and procedures, etc. Although STEP -NC does not describe the tool movements for specific 3D printing, it can provide a data model with feature-based programming [START_REF] Asadollahi-Yazdi | Integrated Design in Additive Manufacturing Based on Design for Manufacturing[END_REF]. Owing to the complete differences of prototyping process and manufacturing methods for all kinds of AM technologies, fused deposition modelling (FDM) as one of the most important approaches has become popular to integration and standardization of AM digital chain. FDM technology deposits the fused materials on printed substrate in the form of a plastic thread, so it is necessary to focus on deposition process, fused mechanism, printed header, and even other parameters [START_REF] Zhou | STEP-based approach for direct slicing of CAD models for layered manufacturing[END_REF]. With the integration and standardization of manufacturing process in FDM, STEP-NC based process data models is a very promising to represent data exchange and sharing.

However, there exists data transfer between CAM system and CNC machine using a physical file in ISO 10303 Part-21 format. STEP-NC based manufacturing system for FDM needs to validate and verify to the conformance testing of input and output activities [START_REF] Garrido Campos | A traceability information model for CNC manufacturing[END_REF]).



Data standards

In this section, two approaches dealing with data standard in AM digital thread are presented. The first approach is ISO 10303 data standard for process planning in AM. ISO 10303 covers a wide variety of different activities performed along the product lifecycle [START_REF] Lee | A system integration framework through development of ISO 10303-based product model for steel bridges[END_REF]. Various ISO 10303 based data models (i.e.: AIM, ARM, and ARM) been introduce to represent all the related information exchange during entire digital thread based on descriptive modelling language (i.e.: EXPRESS/EXPRESS-G, and IDEF0) (ISO 14649-11, 2006). The second approach is ISO 14649 for AM manufacturing process, which mainly focus on process operations and tool managements over their lifecycles [START_REF] Kim | Streamlining the additive manufacturing digital spectrum: A systems approach[END_REF]. Based on the specific AM process, process planning and manufacturing process based on ISO
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Jinhua XIAO 57 Université de Technologie de Compiègne 10303/ISO 14649 standard have been proposed by various researchers. As a result, before reviewing the current studies on ISO 10303/ISO 14649 data standard, we will firstly go over these two approaches, and analyse the integration between them. computer-interpretable representation of product data through its lift cycle [START_REF] Scra | STEP Application Handbook -ISO 10303 -Version 3[END_REF]. STEP (ISO 10303) is a family of standards defining a methodology for describing product data throughout product life cycle, which is widely used in CAD systems and is a critical enabler of digital manufacturing, an information-based paradigm that allows for rapid design-toproduction and reduces downstream costs [START_REF] Pratt | Introduction to ISO 10303-the STEP standard for product data exchange[END_REF]. It is often used for long-term archiving and retrieval of product information. It covers a wide variety of various product types, and describes standardized data models in several application protocols (APs) [START_REF] Assouroko | Survey on standards for product data exchange and sharing : application in CAD / CAE interoperability[END_REF]. The objective of STEP standards is "to provide a mechanism that is capable of describing product data through the life-cycle of a product, independent from any particular system" (IS0 10303-1, 1994).

In general, STEP is used to exchange and share product and process information between various application systems, such as computer -aided design (CAD), computer-aided engineering (CAE), computer-aided process planning (CAPP), computer-aided manufacturing (CAM), and other CAx systems (Yusri, Nurul Zakiah, & Noordiana, 2009). And STEP standards deals with product data in many fields, including mechanical and electrical design, geometric and dimensioning and tolerancing, analysis and manufacturing, as well as additional information specific to various industries (i.e.: automotive, aerospace, ship, and others) [START_REF] Alemanni | Model-based definition design in the product lifecycle management scenario[END_REF] STEP standards is made up of a series of definitional resources (01x series), implementation methods (02x series), validation of translator for conformance (03x), integrated generic resources (04x), integrated application resources (1xx), application protocols (2xx), and application interpreted constructs (5xx) (ISO 14649-1, 2006). However, these standards refer to various parts that are interdependent on other ones, which are developed to support exchanging and sharing product information. As we know, the definitional resources (01x) give the fundamental definitions for reference description methods, such as ISO 10303 Part 11 (The EXPRESS language reference manual). Then, the implementation methods (02x) provide the way to describe product data using the EXPRESS data specification language in computer system. Furthermore, the validation of translator for conformance (03x) present a conforming implementation for the given standard. What's more, the integrated generic resources (04x) define a series of resource constructs for basic product data, and the integrated application resource (1xx) is an integrated resource that involves a group of application contexts. In addition, application protocols specify the application models to satisfy the scope and information requirements for the specific application. Finally, the application interpreted constructs (5xx) have been created as relevant references from various AP's, and refine the contents of them.
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59 Université de Technologie de Compiègne The unit of function (UoF) is also very important to develop the wider standards based on STEP with the exception of CCs of APs. In next, the STEP architecture will be introduced to explain their relevant mechanism in details. implementation and standardisation of technical architectures, the ISO 10303 architecture will be interpreted by standardising and mapping relevant requirements to data models [START_REF] Feeney | The STEP Modular Architecture[END_REF]. As shown in Figure 2-13, the part of the architecture mainly two core components: application modules (AMs) and application protocol (APs). The former describes the reusable data specification represented by application reference model (ARM), mapping specification (MS), and application interpreted model (AIM). The latter is used to meet the requirements of business process through data specifications [START_REF] Burkett | The STEP Integration Information Architecture[END_REF]. However, the AP architecture contrasted with the initial AP architecture makes it easier to understand the origins of AP structure. EXPRESS/EXPRESS-G descriptive language [START_REF] Hardwick | A Roadmap for STEP-NC Enabled Interoperable Manufacturing[END_REF]. The AIM specifies the semantics of the data structure and constraints in a pplication information resources. Importantly, AIM can be aligned with the ARM through the mapping table (MT). During entire manufacturing process, ISO 14649 is a very important standard to represent process data exchange and sharing in manufacturing process, so the ISO 14649 will be introduced in next. and archive the modification information in ISO 14649 file. On the other hand, it is not necessary to translate machine-specified information from computer language to machine understandable language (i.e.: G-code). ISO 14649 will be applied to define the information flow through computer-aided systems. Next, the ISO 14649 data structure will be presented in detail. The development of NC programming has a series of generations from the original hardware machines, APT (Automated Programming Tools) (APT, 2018), AUTOMAP, COMPACT II, to the graphic interactive Computer Aided Manufacturing (CAM) systems. Therefore, it is obvious to seek a comprehensive language for the integration and translation of CAD/CAPP/CAM/CNC during product lifecycle, especially for software tools and the architecture of CNC. ISO 14649 is a good candidate for providing an object-oriented data model to deal with the manufacturing information, the definitions of tool types, the operations and the work plan [START_REF] Weck | The Control Platform for Decomposition and Synthesis of Specialized CNC Systems[END_REF].

The ISO 14649 information system architecture is a very important part to provide the fundamental data structure that contains the specific manufacturing information as shown in Figure 2 As depicted in STEP-NC compliant general data structure, the physical file will be defined into many aspects, including file header, part data, and its specific project. The file header mainly includes file description, file name and file schema in presenting the supply general information. The part data needs to describe the material information, property parameters, and the fabricated part. The Project specifies the workplan and executables, technology information, and geometry and topology description on specific manufacturing process. Most importantly, geometry and topology description will reference to a series of the specific ISO 10303 standards. Next, the detailed ISO 14649 data process and operations will be presented.

ISO 14649 process data model

Most of the researcher proposed STEP-NC compliant manufacturing information systems to support data interoperability between CAD and CAM for NC manufacturing operations [START_REF] Suh | STEP-compliant CNC system for turning: Data model, architecture, and implementation[END_REF]. The process information
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Jinhua XIAO 64 Université de Technologie de Compiègne contents of ISO 14649 is make up of task description, technology description, tool description, and geometry description, which describe the logical sequence of executable tasks and data types. As we know, the usage of ISO 14649 is to implement manufacturing process under complicated environment. ISO 14649 standard contains two main levels: Application Interpreted Model (AIM) and Application Reference Model (ARM). The former is based on STEP standard, which mainly allow adding the required information. The latest has higher level than the previous one because it can define the manufacturing strategy. manufacturing technologies. This data can be directly used by CNC machines to develop the STEP-NC format file that includes tool information, technology information, path information, and even manufacturing strategy. The overview of the ISO 14649 data model allows the direct control of axis motions using the definition of toolpath entity and other relevant defined attributes. Next, the integration of ISO 10303/ISO14649 will be introduced.

Integration of ISO 10303/ISO 14649 standards

In this subsection, the integration of ISO 10303/ISO 14649 standards will be introduced because they can be used to transfer product design and manufacturing information. Therefore, it is necessary to integrate the two kinds Université de Technologie de Compiègne of standards. Next, their relationship and representation methods wi ll be explained so that the integration can be realized.

Relationship between ISO 10303/ISO14649

In order to extend the ISO 10303 standards with the machining model in ISO 14649 for describing machining tool control and operations, the combination of implementation methods and application protocols defined in ISO 10303 and ISO 14649 standards provide the physical file formats and data access interface during entire design and manufacturing process [START_REF] Kassim | Reviewing ISO 14649 through iso10303[END_REF]. Their data exchange between ISO 10303/ISO 14649 provides an efficient connection between original design and downstream manufacturing that determine the data interoperability of various systems. As sh own in Figure 2 To make implementation of ISO 10303/ ISO14649 data model unique and interoperable, the relationship between them ensures the data exchange and sharing during entire design and manufacturing process. The meanings of bridging the relationship between ISO 10303 and ISO 14649 is to enhance the data interoperability of integrated information systems. However, ISO 10303 as a wide application standard provide the specific implementation methods, integrated resources, and standard data access interface. The related aspects involve geometry information, modelling methods, and related application model schema to provide the additional information to downstream manufacturing. Next, the data model and relevant descriptive modelling languages will be presented. The AAM is developed to establish understanding of the application tasks, processes, and the information flow in the application domain (IDEF0, 1993). Université de Technologie de Compiègne

The relationship between the ARM and the AIM is specified in the Mapping Table (MT), which is the part of the AP to link the requirements and specifications for data exchange. The AIM is the component of the AP that is the implementable information model using EXPRESS modelling language.

The ARM captures the information that describes its requirements, structure, and constraints in the specific application domain using IDEF1X and RXPRESS-G. As shown in Figure 2-18, data model structure depicts the mapping specification, implementation method, and activity diagram using AIM, ARM, and AAM, respectively. AIM represents the product data types, defined entities and relevant attributes in the application domain using EXPRESS modelling language. ARM represents data structure and constraints using specific EXPRESS-G language. The AAM defines process activities and sub-activities for their necessary data using IDEF0. Next, descriptive modelling language will be presented in detail.

Description of modelling language
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These modelling languages mainly include many descriptive ways for providing more background and functional description on the modelling systems, such as Nijssen Information Analysis Methodology (NIAM), Integration Definition for Function Modeling (IDEF0), IDEF1X, and EXPRESS. The purpose of modelling languages is to provide an efficient descriptive way to using modelling to convey the related information in the specific modelling system. As shown in Table 2-1, these descriptive modelling languages for their relevant definitions and contents are compared with reference to STEP architecture components. A graphical data modelling language and methodology, known as ORM -Object-Role Modelling [START_REF] Halpin | Object-Role Modeling[END_REF].

ARM IDEF0

A "function model", which represents the functions, activity, or process for the modelling system.

AAM IDEF1X

Representation of the conceptual view of information, called IDEF1 extended or, IDEF1X (Y. Tina Lee, 2004) 

/ EXPRESS-M

A schema mapping language. / By comparing with these different data modelling language, we firstly know that NIAM as a data modelling language mainly focuses on the description of modelling and querying an information system at the conceptual level. Then, the IDEF suite of modelling languages include an activity modelling method (IDEF0), a conceptual modelling method (IDEF1), a simulation model specification method (IDEF2), a process modelling method (IDEF3), an objectoriented software design method (IDEF4), and a knowledge acquisition and Université de Technologie de Compiègne engineering method (IDEF5) [START_REF] Menzel | The IDEF family of languages[END_REF]. Finally, there are many extensions to STEP's basic use of modelling and data model based on EXPRESS, such as EXPRESS-G, EXPRESS-I, EXPRESS-V, EXPRESS-X, and EXPRESS-M. However, it is necessary to emphasize the widest use of modelling languages: EXPRESS/EXPRESS-G and IDEF0, respectively. On the one hand, STEP Part 11 (ISO 10303-11, 2002) has defined specific EXPRESS/EXPRESS-G language for representing information models to object-oriented and database concepts, which comprises entity and schema of information models sharing common data type, attribute and relationship.

EXPRESS/EXPRESS-G defines entity, schema, and instances for semantic contents and modelling structure of information models. In general, EXPRESS/EXPRESS-G approach is to specify semantics, syntax and structure of all information models in various applicable systems. It provides modelling notation and modelling diagram for product design and manufacturing process information. On the other hand, IDEF0 language defines the procedure and techniques for developing the activity model, including data collection, diagram construction, review cycles and documentation (IDEF0, 1993).

However, process activities and sub-activities has also represented the fundamental process elements, such as input, output, control and mechanism software through application activity model (AAM) using specific IDEF0 language.

As before presented, data-related standards for ISO 10303/ISO 14649 have been introduced to represent the information exchange in the specific application system. We have depicted the fundamental concepts, data structure or architecture, and data relevant models for ISO 10303 and ISO 14649, respectively. In order to enhance the interoperability between ISO 10303 and ISO 14649, the integration between them is necessary to exchange and share all the relevant information. We give the detailed introduction about the relationship between ISO 10303/ ISO 14649, representation of data models, and their descriptive modelling languages.



Conformance and interoperability testing

Conformance testing is the testing of selected product or process for their specified characteristics required by a standard in order to determine whether
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Jinhua XIAO 70 Université de Technologie de Compiègne their specific requirements is a conforming implementation (ISO 10303-31:1994(ISO 10303-31: , 2015;;ISO 10303-32, 1998;ISO 10303-34, 2000;ISO 10303-35, 2003). The implementation will use specific test case to check whether it meets their specific requirements according to testing tools, test data and verdict criteria. The objectives of conformance testing is to provide a judgement for determining whether applied standard can be interoperated correctly. Actually, STEP part 31 has defines the concepts of conformance testing for product data representation and exchange in industrial automation systems and integration.

It is very important to avoid the mistakes on specifying defined elements for conformation requirements in application and interpretation process. In order to solve these problems, standard committee carries out the strict conformance requirements, defined test purpose and other specific requirements. However, conformance testing will provide input data in one format to verify the correctness of the output by applied criteria and test tools with a reference system. During this test, we need to consider the output of semantics, syntax and structure of defined elements whether conforms to the requirements of applied standard.

With the development of STEP standards, the integration of more application information will promote the needs of conformance and interoperability for product and process. For AM, it is necessary to verify the data interface of process planning and manufacturing process between CAD systems and CAM systems, or CAM systems and CNC machining. Because the data interface firstly transfers product design data to provide related information to downstream manufacturing, and then manufacturing information will import CNC machining control to dominate control platform moving, printed header deposition, and other controls of parameters. If any parts have a little mistake, the entire system will cause the unpredictable results so that it results in the unpredictable losses. For conformance testing between CAD systems and CAM systems, STEP standards need to conform to related design information, material information, tolerance information, and process planning information.



2.5

Summary and assessment of studied research works AM digital thread based STEP-compliant NC for information system play an increasingly key role for information integration and standardisation. Université de Technologie de Compiègne simultaneously both the relevant entity definitions and constraints throughout the entire AM lifecycle.

The previous discussion indicates that although there have been efforts that address such two kinds of problems, the research questions which are proposed in Chapter 1 cannot be fully answered by the two approaches. Therefore, both STEP-compliant NC process planning and manufacturing should be further extended to realise the integration and standardisation of AM information exchange.

However, the analysis of the current studies on STEP-compliant process methods and information models for AM greatly help us propose the research approaches. Three main hypotheses can be drawn by analysing existing STEPcompliant process method and information model in AM:

 Representation of process data in AM specific process including process planning and manufacturing process is not comprehensive, because of a lack of common vocabulary;  The specific process data models, at present, has been undefined based on STEP standards for representation of AM process planning and manufacturing;

 There is a need to verify the conformance whether process data model meets the requirements of implementation and interoperability in the specific application systems.

Focusing on the three main hypotheses, the research approaches can be proposed, which will be presented in next sub-section.



Research approaches

The main research objective of this thesis is to realise the implementation of AM digital flow that mainly depends on modelling data and process, and standards during product lifecycles. The previous sections review the current studies on data standards (i.e.: STEP and STEP-NC) and AM process methods (i.e.: process planning and manufacturing). The analysis on both STEP data standards and the specific AM process shows that none of them has provided an effective solution to integrate and standardise the specific process during AM digital thread. In order to overcome this problem resulting from existing STEP-compliant information exchange methods, the thesis tries to seek Université de Technologie de Compiègne solutions by making use of STEP-compliant application models. As discussed in Chapter 1, the printed formats and the specific AM process data represented by STEP-NC standards as an effective support to the information exchange for AM process planning and manufacturing. Therefore, like the information exchange methods, the thesis reviews that the existing information model an d STEP-compliant NC process modelling approaches. The analysis for the specific AM process shows that the existing information model should be further developed since none of them has fully defined the integrated data exchange standard on process planning and manufacturing.

By considering the analysis of digital thread and data standards from the previous survey, the research approach can be developed:

The first research proposition is to design a specific procedure of building information system in AM digital thread mainly focusing on process planning and manufacturing, which can be used as an architecture of the existing information models. By considering the limitation of the existing information models, the details of a specific AM process will be described by STEPcompliant data model. Moreover, how to use the proposed the architecture of building information system to guarantee the AM process planning and manufacturing represented by the integration of STEP-NC standards correctly. The third research proposition is to assess the conformance of the proposed data models according to criteria in data exchange and sharing. For conformance testing between CAD systems and CAM systems, STEP-NC standards need to conform to related design information, material information, tolerance information, and process planning information. However, the conformance testing for process planning and manufacturing is impossible to ignore for validation and verification from product data to downstream manufacturing. CAM systems produce STEP-NC data, and then CNC machine will read output of STEP-NC data. The data exchange and sharing will need to test their conformance in the future. The research proposition will be presented in detail in Chapter 3.

STEP-compliant
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The first point is the process planning. With the purpose of the integrated AM process defined by STEP data exchange and sharing, there must be a compliant data representation for the specific process planning in AM. The second point is the manufacturing process. It mainly defines the manufacturing operations by transferring manufacturing features from the original design. However, the proposed guidelines for clarifying AM information considers the process planning and manufacturing operations in AM simultaneously. On the one hand, it proposes an effective method how to support intensive exchange of AM information. On the other hand, it should be also used to indicate the different levels for representing process data definitions.

In this section, AM fundamental concepts will be introduced. The fundamental concepts will provide simple definition for process planning and manufacturing operations in AM. In addition, related standards will be also introduced, which are used to providing the related information on the specific AM process. Furthermore, model representation is a core problem to provide an effective method to ensure the data exchange and sharing.

Moreover, descriptive language will be presented based on various application models. Finally, model assessment will be introduced.

Overview of AM fundamental concepts

As we know, it is necessary to enhance the interoperability of various computer-aided applications, because these applications require integrated process and conformed standards. On the one hand, AM specific process includes process planning and manufacturing operations. Process planning describe not only the AM specific processes including build orientation, support structure, slicing and path generation, but also requirements, resources, control and activity. On the other hand, STEP standards aim to facilitate AM specific data sharing and exchange in interoperable systems. STEP-compliant data model describes the relationships and constraints of product and process information, including information requirement, mapping specifications, activity diagrams and implementation methods.
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Standards

Regarding AM information system, a compelling solution is needed to enhance interoperability of computer aided systems because these systems share and exchange data in additive manufacturing process. When a computer-aided process planning (CAPP) application creates a specific AM process it ideally must match manufacturing operations with an appropriate machine tool. In order to elaborate the production schedule, the status of the selected machine tools should be known before sending information of the processing instruction to perform.

In addition, ISO standard is the current state-of the art solutions to facilitate data sharing and exchanging. Our research is under the context of product lifecycle management. The objective of process planning is to generate process sequences and parameters minimizing hazards. However, the significant work concerning data sharing and exchange is being done by the International Standards Organisation (ISO), which has developed a large number of standardized data models. Table 3-1 presents relevant standards for supporting AM digital thread. Although every standard has specific usage, all of them use EXPRESS modelling language and allow definitions of neutral data repositories. Next, the model representations will be introduced. 

Model Representations

For system interoperability and data sharing in CAx environment, STEP has very tremendous potentials for the development of integrated information systems. STEP-compliant information modelling system provides a source for data change and sharing in the manufacturing domain.

Therefore, it is a significant solution to provide the model representation for the specific AM process.

The specific AM information involves in process planning, operations, print devices or header definitions and specific working steps. When CAPP application creates a sequence of AM information, including management of manufacturing process, acquisition of part data and generation of AM operation with appropriate machine tool and optimal toolpath. AM operations describe a series of basic programming executions to ad d printed material into final part definition. It integrates print devices or header, printing paths, manufacturing strategies, related functions and technology.

Print devices or header definitions have non-negligible influence on the quality of printed parts, because any unreasonable definitions may result in wrong operations or even equipment damage. Process working steps in AM correspond to high-level manufacturing layer and associated parameters, which directly translate manufacturing information to axis motion and printing operations. Therefore, it is very important to extend AM concepts and its related definitions, and propose a STEP-NC compliant data model. STEP-NC based information exchange needs to represent specific information using different application models, including application reference model (ARM) and application activity models (AAM). Figure 3 -2 shows data model structure on implementation method and activity diagram using ARM and AAM, respectively. ARM represents data structure and constraints using specific EXPRESS-G language, and AAM defines process activities and sub-activities for their necessary data using IDEF0 (Integrated Definition for Functional Modelling-the 0th level). Next, the descriptive languages will be introduced.
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By concatenating the AM information and the integration with STEP-NC standards, interoperable information model can represent data exchange and sharing in AM process using specific EXPRESS language and its graphical notation EXPRESS-G. In order to enhance interoperability for computer aided system applications, STEP/STEP-NC standards need to 
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In short, the modelling methodologies of EXPRESS/EXPRESS-G and IDEF0 have more advantageous for specifying product design and manufacturing information. STEP-compliant product information includes not only mapping specification but also information specification, processrelated activity and implementation. Next, the model assessment will be presented.

Model assessment

Model assessment includes not only conformance testing, but also other tests (i.e.: acceptance testing, interoperability testing, performance testing, and robustness testing) based on ISO 10303. The acceptance testing is the process of determining whether the systematic implementation fulfills acceptance criteria. The interoperability testing is the assessment of a product definitions represented by the CAx system to determine whether it can be exchange and share information with another CAx system. The performance testing is the assessment of the performance characteristics of a product definition, such as throughput, respond time, and so on. The robustness testing is the assessment of a product to determine how well it performs process data which contains errors. However, model assessment mainly focuses on the conformance testing for determining whether the specific requirements are a conforming implementation through a standard . STEP part 3x (x=1,[START_REF] Astm | Standard Terminology for Additive Manufacturing Technologies (ASTM Inter)[END_REF]4,5) has defines the concepts of conformance testing for product data representation and exchange in industrial automation systems and integration. The conformance testing for process planning and manufacturing is impossible to be ignored for validation and verification Université de Technologie de Compiègne from product data to downstream AM. Process planning and AM should give an assessment of conformance testing based on the specific criteria, input data, and test software tools for their application entities. For example, planning path will setup many specific criteria to verify the conformance testing of specific elements in section 3.3, including path deviation, information loss ratio, etc. As we know, STEP-NC standard mainly applies in manufacturing domain by defining data structures between CAM and CNC. Owing to the differences between traditional manufacturing technology and AM, the detailed process data in CAM systems needs to redefine a part of geometric model and manufacturing layer information. In the overall process, CAM systems generate STEP-NC data, and then CNC machine will read output of STEP-NC data. In data exchange and sharing, process planning and AM will need to assess their conformance testing in the future.



AM process data model

In AM, the specific process can be divided into two parts: process plans and manufacturing process. The development of a robust digital process enables the integration, interoperation, and standardization of process planning and manufacturing process for massive industrial production in AM technology. Owing to the complete differences of printing process and manufacturing methods for all kinds of AM technology, fused deposition modelling (FDM) as one of the most important technology has become popular then it is a good candidate for technology example of integration and standardization of AM digital thread.

For AM process planning, CAPP application creates a sequence of print planning information, including manufacturing data management, part data generation, and deposition planning with appropriate print devices and optimal path. However, concerning the exchange and sharing of complex and massive manufacturing information in AM technology, it is necessary to represent process information through specific part data, material For AM manufacturing process, part information in layer-by-layer solidified process in FDM is very related and involved to deposition operations, print devices definitions, and deposition working steps.
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Deposition operations describes as an accumulation of basic operations to add printed material into a final part. In short, in order to enhance interoperability for CAx system, standardization of AM process needs to be combined with STEP/STEP-NC standard to represent process plans and manufacturing information. They will cover manufacturing operations, print path, print simulation, inspection, and tolerance optimization. Next sub-section will introduce the definition of application objects and entities (In section 3.2.1), process plan data model (In section 3.2.2), and manufacturing process data model (In section 3.2.3).

Definition of application objects and entities

In traditional manufacturing technology, application objects and process entities based on STEP-NC have defined their fundamental process planning and manufacturing information during product lifecycle.

However, due to lack of related definitions for AM, it is necessary to specify application objects and entities dedicated to FDM technology.

Application objects clarify the fundamental elements that embody unique application concepts, and contain the data attributes. Each entity definitions provide a specification that translates process planning and manufacturing information of machine-to-machine communication using EXPRESS language. However, each process entity needs to construct some specific relations among application systems, such as constraints, association,
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On the one hand, AM process planning information has huge differences on process plan in traditional manufacturing, which needs to define the specific application objects and entities in process planning, such as FDM specifications and requirements, shape aspects, process plan activity, deposition process, and material. The detailed application objects and definitions for process planning are shown in Table 3-2. In process planning, Shape Aspect is related to tessellated shape, sliced layer, orientation, etc. Tessellated shape describes the geometry solid model based on triangle tessellation. Sliced layer represents the specific slice shape for each layer that is used to the sequence of manufacturing operations. Layer orientation also indicates the direction of printing the specific layer. FDM requirements and specifications are very important as available exchange information to describe the required information by customers or manufacturers, including deposition requisition, print header requisition, and material specifications. Process planning activity involves deposition resource, deposition cell, controller program, and print floor. In addition, deposition process is related to deposition setup, FDM deposition, deposition parameters, and even deposition operation type. However, there exist many differences between FDM deposition and deposition process.

FDM deposition specifies deposited operations that connects NC controller, deposition setups, and deposition parameters, while deposition process mainly emphases the specific process in deposition operation. Material mainly consists of material property, property parameters, and melting points. Material property indicates the physical property of material characteristics, including melting points. However, melting point defines a melting temperature for specific print material for determining the print quality during deposition operation. Property parameters describe the material characteristics for their parameters. On the other hand, FDM manufacturing information needs to extend the definitions of application objects and entity using EXPRESS language,
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Jinhua XIAO 86 Université de Technologie de Compiègne including manufacturing layer, deposition operations, printed header, FDM functions, FDM technology, header paths and deposition strategy. The detailed application objects and definitions for manufacturing process are shown in Table 3-3. Manufacturing layer has defined many application objects and entities about manufacturing process in FDM, which mainly includes 2.5D manufacturing layer, planar face, layer profile and layer placement. 2.5D manufacturing layer represents layered information for printed part, which provides specific manufacturing method to 2.5D layer feature based on STEP-NC standards. Planar face represents a layer with a planar, which gives a strategy for depositing materials in a planar. Layer profile describes another method different with planar profile according to the layer of surface profile. Layer placement give a specific location for printed layer. Moreover, Print header is a very important part that defines executable device that fuses print material into final part. Nozzle diameter determines the resolution of printed part. Chamber temperature is a parameter of fuse printed material, such as deposited material. FDM functions define temperature, pressure, and print parameters. Furthermore, FDM technology will consider some important factors, such as deposited height, printed frequencies, adaptive control, etc. Printed path needs to define under different conditions, which mainly includes parameterized path and trajectory, and select different types of deposition process.

Finally, deposition strategies are very necessary process to determine the optimal strategy, including unidirectional, bidirectional, and contour parallel. STEP-NC based data definitions have non-negligible influence on process data model because the semantics, syntax and structure of process information need to have conformed interoperability during entire AM digital thread. 

Header_path

Indicates a list of all printed paths for headers in deposition operations.

Print head

Nozzle_diameter

A parameter that affects the result of deposition quality.

Chamber_temperature

A parameter that the temperature fuses printed material in chamber.

Deposited_material

A printed material with different material property.

Deposition function

Deposition_temperature

A parameter that is used to deposit printed material under constant temperature

Deposition_pressure

A parameter that is used to deposit printed material under constant pressure

FDM technology

Deposited_height

The height of a droplet of printed material deposits on the workpiece surface.

Deposited_frequence

The frequencies is to print the deposited material according to optimal time.

Adaptive_control

Deposited control that can adapt to any complex layered surface.

Header path

Parameterized_path Describes these relative parameters from the start to the end

Header_trajectory

Describes the trajectory of the printed header at any time.

Headerpath_type

Describes the type of trajectory, including approach, lift, non-contact and paths Deposition strategy Unidirectional Deposits printed material with only a direction. Université de Technologie de Compiègne idirectional Deposits printed material with two directions, including forward and backward.

Contour_parallel

Deposits printed material with a contour.

Deposition_mode

Be straightforward or zigzag modes to deposit printed material.

In brief, regarding FDM technology, the definitions of application objects and entities provide the fundamental units for process data models, which specify the unique application concepts and attributes of process planning and manufacturing. STEP-NC based process data entities will enrich common vocabularies of process-specific information for representing shape aspect, requirements and specification, deposition process, process planning activity, material, manufacturing layer, deposition operations, printed header, FDM technology and function, header path, and deposition strategy. Next, we will introduce STEP-NC based process data model in FDM (process planning data model and manufacturing process data model).

The ISO 10303 EXPRESS-G and IDEF0 data modelling language describe process entities and their relationships, and process data in a particular ISO 14649 program is composed of instances of these entities.

Process plan data model

Process planning creates a series of strategies to enable manufacturing information management, part data acquisition and print data generation in entire product lifecycle. Traditionally, process planning determines the sequence of matching print operations considering with only geometry manufacturing, which ignores material and equipment allocations, massive production management, enormous data acquisition, and various system interoperability. Concerning process planning for AM data exchange, process data model represents process-related definitions, relationships and activities based on STEP standards.
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The data model represents process planning information and their relations for providing manufacturing strategies and optimized parameters in FDM.

Firstly, Part_Shape_Aspect defines shape aspect information for downstream manufacturing process, which includes tessellated shape, geometric tolerance, shape aspect representation, shape element, sl ice layer and manufacturing layer. FDM_Requirement presents requirements of material, deposition and print header in determining the complex FDM process. FDM_Specification specifies the documentation that contains additional information, such as material specification. Material is used to produce a part by a series of manufacturing process. Material property is one of the most important factors in describing the properties of the material for print parts. Melting points in FDM technology has significant We have presented the definition of FDM manufacturing process activities or sub-activities, which involves data input, conditional control, mechanism software and data output. The output data originates from different boxes, such as material parameters, execution parameters, deposition parameters, material status information, execution data and rough part. At the same time, the output data in one box might become the input of other boxes.

Conditional control mainly refers to environment and equipment parameters, material property, part data specification, deposition principals and deposition effects. Mechanism software for each box originates from AM equipment. In conclusion, STEP-NC based process data model has represented the data structure and constraints of FDM application objects and entities through application reference model (ARM) using specific EXPRESS-G language. FDM process activities and sub-activities has also represented the fundamental process elements, such as input, output, control and mechanism software through application activity model (AAM) using specific IDEF0 language.

Manufacturing layer

Manufacturing layer is a special feature that provides AM geometry information to layered operations based on STEP-NC standards. It is commonly acknowledge that fabricating the 3D printed part needs to define all the printed slices in process design. Especially for AM part, layer -based geometry representation defines shape aspects for the description of layered information, which provides a mechanism to specify sliced parameters and to associate additional information with the identified aspect of the slices.

In addition, geometry slices mainly refer to the definition of 2.5D contours entity in STEP IRs to AM print data. However, it is obvious to develop layer-based geometry information for complex AM part, because layerbased data model provides significant layer data to print parts according to a set of layer print methods. Manufacturing layer is to enable the Regarding FDM technology, manufacturing layer needs to specify deposition methods for printed layers. In order to obtain the final part in depositing process, it is necessary for downstream manufacturi ng to define the placement of print layers in coordinate system. The representation of specific manufacturing layer has shown the relationships of its application objects and entities based on EXPRESS-G language in Figure 3-9 (a).

Moreover, manufacturing layer will select the suitable deposited methods, such as planar face and layer profile. However, planar face deposits a planar in specific operations through boundary curve, which represents the information of course of travel, layer placement and face boundary shown in Figure 3-9 (b). Layer profile deposits a non-planar profile in specific Université de Technologie de Compiègne operation, which represents the information of additive direction, profile shape and boundary profile shown in Figure 3-9 (c). Manufacturing layer represents process information for providing detailed layered operations that specify AM manufacturing feature with geometry slices.

Deposition operations

Deposition operation in CNC machines includes axis motion and header operations from translating the information of working steps. As we know, manufacturing layer describes the layer feature, which does not give any instructions on how the geometry part is manufactured. Hence, manufacturing information is only contained in the operations and deposition methods. A set of all operations associated with manufacturing layer acquire the information of work plan to determine the final depositing order. When FDM manufacturing layer is finished, the following operations needs to define printed header, header path, FDM technology and functions, and even deposition strategy. Firstly, the definitions of print header refers to specific descriptions to understand the information of operations based on STEP-NC standard. Actually, we know that the NC controller can select suitable print header and store the current parameters (i.e.: header diameter) in its tool memory data, which has the ability to ensure all the operations within the given tolerances. Secondly, NC controller will specify depositions for generating their own header paths.

Header paths (or trajectories) will be executed by the CNC through a list of paths. Thirdly, FDM technology defines some parameters of deposition process, such as deposition temperature, deposited velocity, etc. Moreover, FDM function describes various depositing functions, including temperature control, droplet extrusion, etc. Finally, deposition strategy is to select the suitable deposition ways to execute specific operations.

Jinhua XIAO 99 Université de Technologie de Compiègne direction for zigzagging in the purpose of minimizing the path time. For contour deposition, it mainly follow the contour of the printed feature. For explicit strategy, it cannot describe by using any of the above given types, but it specifies by using explicit paths. However, it is obvious for the strategy to define the type of deposition modes. Deposition modes are supposed to specify the print methods, including continuous deposition and on-demand deposition. Continuous deposition is the continuous process to deposits the print material. On-demand deposition is a non-continuous process, which deposits the printed material if print region is requested. 

EXPRESS-G language

As we all know, it is important to define the information of FDM process parameter in FDM, because these parameters describe specific deposit ion methods in order to execute the optimal operations through mathematical representation, computer programming, engineering logic, etc. STEP -NC standards is the current state-of-the-art solutions to transfer process parameters in data sharing and exchange. Specific parameters will be also defined by extending the description of STEP-NC control language, which has mainly to focus on print header, FDM technology, and functions.

Representation of deposition parameters based on EXPRESS-G language has been shown in Figure 3-13. Deposited hatch describes print width that deposits a line of the 2.5D single layer, which can be controlled by the size of print material. The header motion also needs to define the parameters of its velocity to improve the printed quality. Although it is impossible to eliminate the staircase effect in deposition process, we cannot ignore the high aspect ratio that has certain influence on the final printed quality. The temperature and pressure are very important parameters in the fused chamber and print ambience. At the same time, substrate temperature has huge influence on the final deposition as well.

In short, process parameters describe the properties of process information that may characterize any kind of parameters, including descriptive parameters and numeric parameters. However, because of the complexity and uncertainty of multiple objective strategy, it is difficult to balance optimal parameter value and parameter description. We only define the fundamental semantic and syntax of process parameter to represent print information based on STEP-NC standards. In the next section, we will assess the conformance testing for STEP-NC compliant process data model.
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3.3

Conformance assessment STEP-NC standard provides an efficient concatenation between CAM systems and CNC machines. We know that CAM systems generate STEP -NC data, and subsequently inputs for CNC manufacturing systems using a physical file in ISO 130303 Part 21 format. The print information in CAM systems, including part geometry, manufacturing layer information, header information, process information, and even tolerance requirements, will be transferred to the CNC manfacturing systems. Owing to having the interoperability between CAM systems and CNC machines, it is necessary to give the conformance testing between both for verifying and validating the feasibility of AM process. Conformance testing is an assessment method for their specified characteristics required by a conformed standard in order to determine whether their specific requirements is a conforming implementation. The implementation will use specific test case to check that it meets their specific requirements according to testing tools, test data and verdict criteria. The objectives of conformance testing are to provide an analysis for determining whether applied standard can be interoperated.

Method of conformance assessment

Currently, STEP part 31 has defined the concepts of conformance testing for product data representation and exchange in industrial automation systems and integration. It will be a challenge to avoid the information loss or redundancy for specific requirements in application and interpretation process. In order to solve this problem, standard committee carries out the strict conformance testing, covering conformed requirements and test purpose. However, conformance testing will provide input data in one format to verify the correctness of the output by applied criteria and test tools in a test system. During the conformance testing, we need to consider the output of semantics, syntax and structure whether it conforms to the requirements of applied standard. With the development of STEP standards, the integration of additional application functions and information will
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Regarding AM technology, it is necessary to verify the data interoperability of manufacturing process between CAD systems and CAM systems, or CAM systems and CNC machines. Because data exchange firstly transfers product design to provide specific information to downstream product manufacturing. Then manufacturing information will import CNC manufacturing control to dominate control platform motions, print header, manufacturing operations, and other controls parameters. If manufactured parts have any little mistake, all the application systems might cause the unpredictable losses. STEP-NC standard mainly applies in manufacturing domain by building data structures between CAM and CNC. AM process data needs to redefine geometric information and manufacturing layer, manufacturing operations, and process parameters. In the overall process, CAM systems generate STEP-NC data file, and then CNC machine will read output of STEP-NC data. We have given the conformance testing of AM process in Figure 3-14.

We know that manufacturing data mainly includes part data, tolerance data, slice data, material data, path data, deposition parameters, requirements and specifications during the entire manufacturing process. Then we propose three specific problems for the conformance criteria: Can manufacturing data be correctly translated with a reference system on defining all specific entities (Correctness)? Can the semantics, syntax, and structure of all defined entities and their relations be represented completely (Completeness)? Can the conformed manufacturing data be interoperated by STEP-NC standard (Interoperability)? By dealing with the manufacturing data and conformance criteria in test tools, the result can determines whether the conformance of manufacturing data is met.

However, we cannot find specific software tools to verify and validate the conformance testing of AM process base on STEP-NC standards.

Therefore, we will only present a conformance assessment on manufacturing layer and header path.  Whether manufacturuing data can be correctly translated with a reference system on defining all specifid entities;  Whether the semantic, syntax, and struture of all defined entities and their relations can be represented completely;  Whether the conformed manufacturing data can be interoperated in any difference system by STEP-NC standard.

Final Result

Input data Criteria Output report In order to verify the conformance assessment of manufacturing layer, we propose the specific methods to assess it from two aspects: verdict criteria and test characteristics, and carry out a result analysis for all entity instances with implementation. The conformance testing needs to define verdict criteria, test tools, and analysis methods. However, it is hard for perfect conformance testing to balance application software tools and application entities. Because it needs to develop a series of particular engineering software for testing their characteristics and functions.

Therefore, we only represent a basic assessment on conformation of manufacturing layer. For conformance assessment, the input of manufacturing layer mainly includes geometry slice, each slice orientation, geometry representation, and layer information to provide the layered feature for downstream manufacturing. The information will be assessed by the application system for their semantics, syntax, and structure in the conformance assessment. However, manufacturing layer as a very

PROPOSITIONS

Jinhua XIAO 107 Université de Technologie de Compiègne important feature needs to specify verdict criteria, and its characteristics and functions to verify its conformance. 

Conformance assessment for header path

When specifying the conformance of header path, it is also hard to find suitable software tools to determine the testing conformance to implementation. Therefore, we deduce the specific process as shown in Table 3-5, including verdict criteria, test methods, and result analysis. For verdict criteria, the definition of header path can represent the print path correctly, perform the fundamental operations, and meet the interoperable requirements. Based on these criteria, we propose the specific test methods, which mainly apply to describe process sequences and functions for header path. Because of the complexity of testing software development, the se related operations in print process have been used to verify the authentication of defining entities, including from original state to approaching the safe planar, from the safe planar to print surface, from print surface to lift-up next print layer, and even trajectory. Finally, the result will be obtained and give reasonable analysis by implementation and interoperability.

Table 3-5: The conformance testing of header_path for proposing specific steps.

Manufacturing data header_path

Verdict criteria  Represent the print path correctly;  All related operations of path can be realized completely;  Meet the interoperable requirements of path information.

Test characteristics (Test Tools)

Although it is difficult to implement the conformance testing under developed software, we deduce fundamental process and characteristics for header_path as follows:

1. In the original state of non-printing for print header; 2. Approach the safe planar to prepare print; 3. Contact the printed surface with a suitable height; 4. Lift print header to switch other layer; 5. Follow the anticipated paths for its trajectory. An example of STEP data represents the header path as shown in Figure 3 -16. Each entity instance is identified by an ordered number, which is used as a reference with other entity instances. As we know, the header path entity refers to the entity of header approach, header lift, header print connect and trajectory. Header approach describes the state change of print header from the original started point to the prepared safe planar. Header lift describes the specific process that print header continues to deposit next layer or exit the printing. Header print connect presents the print preparation for positioning the print header to a suitable print point from the safe surface. Trajectory describes the print path according to the original planning. However, through STEP data file can fully describe the specific information of header path to carry out the anticipated planning during manufacturing process.

Result analysis  Implementation  Interoperability
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Obviously, the conformance assessment of header path can compare these criteria with the executing characteristics of header path using STEP data file to determine whether it might conform to the final implementation.

STEP data can represent these entities of returning original non -print

Jinhua XIAO 113 Université de Technologie de Compiègne information transfer are implemented by deducing the specific phrases of information exchange that coves the process planning and specific manufacturing operations. As for the information exchange methodology, there are many scenarios on the case study that represent the interoperability of process information including data management, product data acquisition, print data generation, and AM operations. As we know, data exchange for production engineering and manufacturing is a very difficult process to describe all related information and integrate them in an independent application system. However, it is necessary to illustrate the detailed information in the specific process, namely information management, product data acquisition, print data generation, and AM operations by depicting the different sub-sections. [START_REF] Astm | Standard Terminology for Additive Manufacturing Technologies (ASTM Inter)[END_REF] (3) (4) In order to integrate the AM information during digital thread, the management of AM interoperable information mainly focuses on material information, equipment information, part information, customer specifications and requirements, and resource specifications. These different information parts will be presented in detail in Table 4 -1. Regarding AM technology, material information provides material specifications and requirements from design, build to test in entire manufacturing process. For design process, material information decides AM specified process plans. For build process, material properties have different characteristics of deposition, including melting point, viscosity, surface tensions, etc. For test process, material testing (i.e.: tensile strength, toughness, fatigue strength, surface roughness and porosity) will be crucial to determine whether requirements have been met. In addition, part information includes the definition data and relations of shapes, dimensions, geometry features, and geometry specifications in data sharing and exchange as part of an integrated design and manufacturing.

In AM information exchange, it is difficult to ignore the AM information including geometry & topology, and tessellated geometry. Furthermore, equipment information represents the related data for build equipment, post-process equipment, and test equipment. The equipment information includes equipment ID, its name, the responsible manufacturer's name, year of made, and equipment requirements. Customer specification and requirements give the specific explanations when a part is produced from the design to manufacturing operations, which provide some annotations for geometric models or manufacturing specifications. Finally, resource specifies the information of equipment, software, personnel, and material. The acquisition of product data is a very important process to verify the correctness of geometry data exchange between the original design and transferred data. It can map the right standards into the transferred geometry representation to determine whether the acquired data complies with the originally defined one or not. The process of acquired data compares the part data with the transferred data to ensure the consistenc y of geometric data exchange. We need to consider design data, and product and manufacturing information (PMI). The detailed descriptions of part data acquisition have been shown in Table 4- Print data will generate a series of planning strategies to ensure the final decision-making that mainly focuses on build orientation, support structure, slicing, and path planning. However, the generation of print data includes the information of rough process plan, part print data sequences, and identification & evaluation design problems as shown in Table 4-3. The print data generation is to make the rough process plan of print part, to provide the sequences for print operations, and to assess design problems in process planning. Firstly, by importing material and equipment requirements and checked part data, rough process plans links to the control of resource availability and part print data. Then rough process plans will result in resource requirements, process planning criteria, and process planning orders. Furthermore, process-planning orders will generate a sequence of specific operations for AM: build orientation, support structure, slicing and print paths. Finally, by comparing a sequence of operations and process plans criteria, design problems will result in design exception notices, which will feedback to re-adjust process plans. The part print sequences define the determination of build orientation, the design of support structure, the model of slicing, and the decision -making paths of part plan. Build orientation can be determine by optimizing part weight, material waste, and model strength. Support structure mainly focuses on the optimization of material waste, build time, and contact area, which decides the generation of manufacturer-provided supports.

Slicing provides an algorithm to discretize CAD geometry model into layered structure. Path planning represents the specific paths of each print layer that dominates the movement of print header to manufacture the desired part. In short, the print sequences will generate a series of machine-interpreted programming to perform the final manufacturing process.

AM print operations

For AM print operations, it is different with production planning that AM operations not only focus on the implementation of physical file and general data, but also control the print process and parameters based on the specific AM technology from the original CAD model. In this process, there exist three steps needed to consider, namely manufacturing layer feature, print operation, and print parameters as shown in Table 4 -4. Firstly, manufacturing layer feature for AM is a specific process that links to the slice from the original geometric design to print process. We know that print layer mainly includes planar face and layer profile, which define the print surface by layering the print part. In addition, the spe cific AM print operations include print header, print path, AM function & technology, and print strategy during entire print process. In order to verify the correctness of print operations, we need to know more about the definitions of print head and its parameters, the relative data of print trajectory, and the optimizations of print strategy (specified in layered paths, i.e.: unidirectional, bidirectional, contour, etc). Finally, print parameters defines a lot of information including temperature, pressur e, print hatch, print volume, motion velocity, high aspect ratio, and so on.
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The parameters needs to set up by optimizing the specific manufacturing conditions and requirements. We will also analyze the related information of specific print operations in next.  Temperature (i.e.: ambience and chamber temperature)  Pressure (i.e.: ambience and chamber pressure)  Print hatch (i.e.: the distance of print lines)  Print volume (i.e.: the smallest volume at once)  Movement velocity (i.e.: print velocity)  High aspect ratio (i.e.: print height and width)

Application software and tools

Owing to the complexity of integrated execution system, many applied software and tools need to be considered as effective methods to assess the verification and validation of related information interoperability for AM production planning and manufacturing operations. During the production planning and manufacturing operations, we can use 3D print software to deduce the integrated information exchange and sharing from planning process to final manufacturing product. Therefore, we select the CatalystEX software to describe all the related information for the specific AM process and use the ISO 10303 part 21 as a descriptive language to represent the specific data model based on the interoperable STEP physical file. Next sub-section will introduce how to implement the specific AM process by using CatalystEX software and how to describe STEP-compliant process data model by using STEP part 21. The CatalystEX is a program software created by CADimensions to the specific print process for FDM technology. It literally implements the process planning and manufacturing operations, including part build orientation, the generation of support structure, slicing, print paths, and print parameters. However, there are six windows to describe the general knowledge about the specific print process, including "General Tab" (the first), "Layer view" (the second), "Properties" (the third), "Pack Table "   (the forth), "Orientation" (the fifth), and "Print Execution" (the sixth) as shown in Figure 4-2.
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Layer view Properties

Print Execution For print process, CatalystEX software needs to be introduced in detail on their functions and applications with the purpose of describing the integration of AM information during production planning and
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 Process planning: this process includes build orientation, support structure, slice, and path planning. The build orientation can be described by "Orientation" part. Then the "Pack Table " will put many printed parts within the print area. After the arrangement for print parts, the support structure will be decided by the specific inserted algorithm. Furthermore, "Layer view" can monitor the different layers in slicing process. Finally, the path planning will be produced for each layer according to minimizing print time.

 AM operations: this operations can be implemented by "print execution" and be parameterised by "Properties", which will perform the final print part.

However, we can will translate the specific process planning and manufacturing data into STEP-compliant physical file based on STEP Part 21. Next, we will present the application entities and objects by using STEP Part 21 physical file. Owing to its ASCII structure, STEP file can be easily read with a briefly defined entity. The STEP physical file describes all the related information conforming to STEP application protocols when the defined file is used for all the application purposes. Let's introduce the fundamental structure of STEP Part-21.

As shown in Figure 4-3, for the header section, we know that the section contains FILE_DESCRIPTION, FILE_NAME, and FILE_SCHEMA. The FILE_DESCRIPTION mainly applied in example description and implementation level. The FILE_NAME defines file name, time stamp, author, organization, preprocessor, originating system, and authorization.

The FILE_SCHEMA specifies one or several EXPRESS schema for the
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In short, the STEP physical file can be used to describe the proposed data model based on EXPRESS descriptive language for AM production planning and manufacturing operations. including the print part initialization, build orientation, support structure design, slicing, print layer profile, and its paths. Firstly, when N IST print part is read by the print software, many related information needs to be accomplished according the specified requirements, such as printer type selection (uprint4p55344 (uPrint SE Plus)), material (print material: ABS; support material: SR-30), etc. Furthermore, build orientation is a key factor to affect the print time and volume of support structure material.

We have compared two kinds of build orientation and recorded the calculated result of their print time (1h22 and 3h01). After determining the specific print direction, support structure will be automatically generated according the applied algorithm. Then the thickness of each layer will be determined by slicing algorithm. For this print, the thickness Jinhua XIAO 129 Université de Technologie de Compiègne For the specific FDM operations, the related definitions of print header include its dimension, print material, and actuated modes. The dimension covers nozzle diameter (2.00mm), material fused temperature (500celsius), and chamber pressure (120Mpa). The print material selects ABS as the best candidate to fabricate the required part. The actuated modes can be selected from piezoelectric actuator, thermal pressure printer, and physical extrusion actuator, according to the specific requirements in print process. For print layer feature, 2.5 manufacturing layer contains layer placement, layer thickness (0.50mm), and deposition layer. Deposition layer mainly includes planar face and layer profil e.

Deposition parameters need to define temperatures (chamber temperature, ambiance temperature, and substrate temperature), pressure (ambience pressure and chamber pressure), print hatch, actuated volume, head movement velocity, high aspect ratio, and deposition specifications, etc. In this section, it is necessary to verify the rightness of entity definitions, process data model and conformance assessment of print process. We focus on the case study to analyse all related information of print process according to STEP-NC standard for CNC machine. STEP-NC physical file can describe an instance of a contour for providing manufacturing information to CNC machine. STEP-NC is a data model for specifying manufacturing system rather than machine tool motions using the objectoriented concepts, which represent the building blocks of print tasks. By referring to STEP-NC data model in the traditional manufacturing application, we propose the specific process data model for representation of AM information, especially for FDM technology. STEP-NC process data model specifies print process for data exchange and sharing in the CAD/CAM/CNC chain. Data model represents the print information of print layer feature and deposition operations. Print layer provides geometry slice information to deposition operations, which specify the parameters and definitions of print head, deposition strategy, technology and FDM functions for downstream FDM manufacturing. However, it is non-negligible for head path specification to define the main print information.

Currently, deposition process is an accumulation of layer-by-layer print, so single layer can almost describe deposition definitions and parameters.

In order to simplify the complex deposition process, we only study an example of a contour instead of a whole part to represent the specific process information. For print contour, we extract one contour of the specific layer from the print part by CATIA V5 software shown in Figure 4-7 (a). In addition, contour information can be translated into STEP -NC programming to provide CNC machine. By comparing traditional manufacturing process, we have modified specific STEP-NC data file for a contour by redefining print header, material definition methods, application technology and functions in FDM. However, the definitions of print header and deposition have decisive influence on the quality of printed part. Therefore, it might be a trend to develop an integrated software covering AM digital thread in the future, including computer-aided design (CAD), computer-aided process planning (CAPP), computer-aided manufacturing (CAM), and even coordinate machine measure (CMM).

Jinhua XIAO 143 Université de Technologie de Compiègne  In the case study presented in this thesis, the AM digital thread is based on an example of NIST part to demonstrate the information exchange and sharing. The demonstration has some serious shortcomings that it makes them difficult to implement the real environment for AM information exchange and sharing. In the demonstration, information management is a very important part to integrate all the related information for AM which lacks the implemented method to manage all the related information. The print data is to mainly focus on the geometric information and product and manufacturing information (PMI) to ensure the printability of data transfer by comparing application model schema and related data criteria for STEP standards without any loss. However, the implementation of this process needs to further develop STEP-compliant physical file to integrate geometry and print information.

 As AM digital thread becomes increasingly integrated, STEPcompliant information transfer defined as a print neutral file not only describes the required information related to product design and manufacturing, but also provides the defined information to implement the specific AM operations. However, it is obvious that the implementation of STEP-NC compliant physical file should provide FDM print information on deposition operations and manufacturing layer features, which specify the commands of executable print using EXPRESS-G descriptive modelling language. There exists an inevitable challenge that STEP-NC compliant physical file needs to extend its specific operations and layer features for specific AM print. However, there will be a need to 
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 1 Figure 1-3: Role context and use context of AM information (Lu, Choi, &Witherell, 2015) 

  Figure 1-4: Different print formats related to more AM information
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 2 Additive Manufacturing File (AMF) Since the middle of 1980s, STL format has the de facto industry standard for transferring geometry information between design and AM software. During the 1990s and 2000s, with the demands of more product information, various companies tries to develop the file format of more information for data Jinhua XIAO 22 Université de Technologie de Compiègne exchange and sharing. Until 2011, the first version of AMF was born. AMF is part of ASTM 2915 standard (ASTM 2915, 2013). It is an open standard for presenting AM object based on eXtensible Markup Language (XML) data
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 1 Figure 1-5: (a) Worldwide revenue for additive manufacturing products and services; (b) Cumulative additive manufacturing machines.[START_REF] Ford | Additive Manufacturing Technology : Potential Implications for U . S . Manufacturing[END_REF] 
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 1 Figure 1-7: Schema of both the integration and the standardisation for AM information systems.
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 22 Figure 2-2: ST-FeatCAPP architecture[START_REF] Amaitik | An intelligent process planning system for prismatic parts using STEP features[END_REF] 
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 2 Figure 2-3: Flowchart of build orientation optimization for Multi-part production (Y.Zhang & Bernard, 2014) 
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 2 Figure 2-4: various build orientation for the bend with uniform segment thickness[START_REF] Xiangping | Adaptive Slicing for Multi-axis Hybrid Plasma Deposition and Milling[END_REF] 
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 2  the specific component and its multi-direction build[START_REF] Ding | Automatic multi-direction slicing algorithms for wire based additive manufacturing[END_REF] 
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 2 Figure 2-7: The generation of space-efficient branching support structure by reducing waste material and time (Schmidt & Umetani, 2014).
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 2 Figure 2-8: Classification of slicing procedures (Pandey, Reddy, & Dhande, 2003)
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 2 Figure 2-9: A progressive decomposition of an example into sub-volumes: (a) build orientation; (b) depth-tree structure; (c) model slicing (Ding et al., 2016).
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 2 Figure 2-10: Path pattern. (a) Spiral path; (b) Contour/Raster path.
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 2 Figure 2-11: Classification of AM prototyping

  of ISO 10303 Since 1984, the International Organisation for Standardisation (ISO) has been working on the development of a comprehensive standard for the data exchange during entire product lifecycle systems. The STandard for the Exchange of Product model data (STEP -ISO 10303) provides a neutral

Figure 2 -

 2 Figure 2-12: The core suite of STEP standards for PLM interoperability (Delaunay Jean-Yves, 2014).

  ISO 10303 architecture is built to support the development of standards for product data exchange and sharing during product lifecycle. To meet the
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 2 Figure 2-13: Contrasting the ISO 10303 AP architectures[START_REF] Scra | STEP Application Handbook -ISO 10303 -Version 3[END_REF] 

  of ISO 14649ISO 14649 is a new data model that links CAD/CAM systems and CNC machines, which remedies the shortcomings of ISO 6983 by specifying manufacturing processes rather than machine tool motion(ISO 14649-1, 2006).ISO 14649 provides a comprehensive model of the manufacturing process for data exchange over all information technology systems. The advantage of ISO 14649 could supersede data reduction to simple switching instructions, such as linear and circular movement. It can describe the AM operations to execute on the workpiece and run on different machine tools or controllers[START_REF] Eynard | Integrated Design and Smart Manufacturing[END_REF]. As we know, ISO 14649 extends data model to combine with ISO 10303, which is called as "STEP-NC". This standard is made up of many parts as follows:Part 1: Overview and fundamental principles;  Part 10: General process data;  Part 11: Process data for milling;  Part 12: Process data for turning;  Part 13: Process data for wire-EDM;  Part 14: Process data for sink-EDM;  Part 111: Tools for milling;  Part 121: Tools for turning. As shown in Figure 2-14, the manufacturing cycle from design to fabrication includes the definitions of all the part features in ISO 10303 Part 224, the resource requirements in ISO 10303 Part 213, the inspection in ISO 10303 Part 219, and AM operations in ISO 14649. ISO 14649 largely structures a number of information for entire manufacturing process. On one hand, it can transfer
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 2 Figure 2-14: The manufacturing cycle, from design to fabrication, and how ISO 14649 is envisioned to be used within this cycle(ISO 14649-1, 2006)

  -15. ISO 10303 Part 21 (ISO 10303-21, 2002) is used to describe the specific STEP-NC program in physical file format.
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 2 Figure 2-15: The general structure of a STEP-NC compliant code (ISO 14649-10, 2006) 
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 2 Figure 2-16: Process data model in STEP-NC (X. W. Xu & He, 2004)

  -17, the relationship between the ISO 10303/ISO 14649 describes the model structures from different levels: firstly, Level A describes the specific manufacturing technologies using application reference models by EXPRESS descriptive schema; Level B integrates ISO 10303 based on application interpreted models (AIM) that maps the application reference models (ARM). Level C describes the specific implementation based on ISO 10303 as adoption software between Level A and Level B in CNC manufacturing.
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 2 Figure 2-17: The activities and responsibilities between ISO 10303 and ISO

  2.3.3.2 Representations of data modelsDuring design and manufacturing process, data model defines the fundamental model to describe data entity and its relations, which standardise the definitions of product elements and organise its related data in product lifecycle. The purpose of data model is to represent the data structure and define the relations of entity in a specific application domain. However, it is very important for the interoperability of various application systems to offer a specific data structure in the data modelling context. ISO 10303/ISO 14649 based data model needs to represent the relevant information using different application models, including application activity models (AAM), application reference model (ARM) and application interpreted model (AIM) as follows(IS0 10303-1, 1994):  AAM is a model that describes an application in terms of its processes and information flows (reference to ISO 10303 Part 1).  ARM is an information model that describes the information requirements and constraints of a specific application context (reference to ISO 10303 Part 1);  AIM is an information model that uses the integrated resources necessary to satisfy the information requirements and constraints of an application reference model, within an application protocol (reference to ISO 10303 Part 1);
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 2 Figure 2-18: Data model structure based on ISO 10303

  NC information model should be taken into consideration.The second research proposition is a new STEP-compliant information modelling methodology that the process data model can be implemented to focus on process planning and manufacturing in AM. The analysis of existing information exchange methods shows that STEP-compliant NC process data model has fully supported the information interoperability between process planning and manufacturing by using application reference model (ARM) and application activity model (AAM). With the support of STEP-compliant NC process data model in which the specific process has been well established, a new AM process information model based on STEP and STEP-NC data standards can help the integration of CAD/CAPP/CAM to achieve both p rocess planning and manufacturing.
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 3 Figure 3-1: Fundamental guideline for specifying AM information
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 32 Figure 3-2: Schema of data model structure in ARM and AAM

  de Compiègne requirements, equipment requirements, resource specifications and design intents with industrial standards based on ISO 10303, ISO 14649, ISO 15331 and ISO 18828. Moreover, by analyzing part information based on STEP standards, part data definition can provide the necessary information to generate executable methods in process planning. Finally, process planning enables how to execute AM operations, and optimize parameters between process and resource according to the sequence of AM operations.
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 3 Figure 3-3: Process planning for AM using EXPRESS-G language

Figure 3 Figure 3 Figure 3 - 7 :

 3337 Figure 3-4: Process planning based on IDEF0 model for FDM

  de Compiègne identification of print slices that are accessible to the interpretability of both human and computer. To sum up, manufacturing layer allows information on the slices to represent printed shapes in a boundary representation solid model, which determines the specific AM operations and working steps.
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 33 Figure 3-8: Schema of the definitions of manufacturing layer in shape aspect

  Figure 3-10: Schema of the definition of header path based on EXPRESS-G language
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 3 Figure 3-11: Definition of header path type, including (a) approach; (b) lift; (c) print connect; (d) trajectory

  Figure 3-12: Schema of definitions of 2.5D deposition strategy based on EXPRESS-G language

3. 2

 2 .3.3 Process ParametersDue to lack of data definitions for all related parameters to represent process manufacturing information, it is necessary to specify process information from the CAD/CAPP/CAM systems. However, design parameters describe geometric information (i.e.: shapes, dimensions, sizes, feature) and non-geometric information (i.e.: tolerances, specifications) in dissimilar CAD systems. Material parameters reflect on representation of material information, such as material types, fusion point, particle size, powder flowrate, etc. Representation of material parameters has a huge influence on printed quality. Process parameters primarily focus on process planning and operations management in AM process. The parameters in process planning include interoperable information on build orientation, slicing, support structure, and path planning in AM process. The parameters in operations management include the required information regarding AM print devices or header, material handling devices, and auxiliary controllers. However, it is necessary to further develop the integration, parameterisation and standardisation of manufacturing process, especially for FDM.
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 3 Figure 3-13: Schema of the definition of deposition parameter based on
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 3 Figure 3-14: Schema of conformation testing for manufacturing data based on STEP-NC standard

  Figure 3-16: STEP file entity instances for header path using EXPRESS language



  As mentioned above, the information model on production planning and manufacturing operations has been specified based on STEP standards during the entire specific AM digital thread. The demonstration made to test the specific AM production planning and manufacturing operations are shown in Figure 4-1. The specific process includes process planning and manufacturing operations, which tend to illustrate the mechanism of data transfer from original design information to specific print data by managing all the related information and optimising manufacturing strategies and operations managements. Due to the technology limitation, STEP-NC is not yet implemented in CNC manufacturing, some technical choices have been done:  The application software CatalystEX developed by Stratasys has been used to implement the case study for specific NIST part in process planning and manufacturing operations.  In terms of process planning, it is non-negligible to consider information management for downstream manufacturing operations by specific management software, involving to material, part, equipment, customer and resource.  Part data has been designed by CATIA V5-6R2013 to describe part data definition and PMI, which provides geometric shape information and related tolerance information to manufacturing process. According to the definition of specific data models for process planning, an example can be compiled to generate STEP part 21 file by EXPRESS language manually.  In manufacturing process, print operations in FDM technology has been demonstrated by editing graphical user interface through Microsoft studio 2017 C++, including the definition of print header, deposition strategy, header paths, and manufacturing layer feature.

Figure

  Figure 4-1: The diagram of AM specific demonstration for production planning and manufacturing process

2 .

 2 The part definition needs to comply with the original standard, and PMI describes the geometric dimensioning and tolerancing (GD&T) and nongeometric information. On the one hand, the part data describes data related aspects, including ISO 10303 physical file definition, part data schema, Application Interpreted Model (AIM) schema, and data standard.

Firstly,

  ISO 10303 physical file definition contains STEP-compliant product data by using STEP part 21 in data exchange system. Secondly, de Compiègne product data schema is used to encode the semantics of product data for manufacturing in some computer interpretable syntax. Application Interpreted Model (AIM) schema specifies ISO 103030 constructs based on EXPRESS/EXPRESS-G for information transfer. On the other hand, PMI has defined the type and properties of annotations to specify geometric dimensioning & tolerancing (GD&T), surface texture specifications, finish requirements, process notes, material specifications and welding symbol. The characteristics of PMI is to define its specifications and requirements for the product geometry, coordinate system, supplemental geometry, annotation and saved views. PMI representation includes all information necessary to present GD&T without any graphical presentation elements. PMI representation is associated with CAD model geometry and is computer-interpretable for manufacturing, measurement, inspection and other processes. PMI presentation consists of geometry elements such as lines and arcs describing exact appearances (color, shape, positioning) of the GD&T annotations.
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 42 Figure 4-2: CatalystEX software platform

  4.1.2.2 STEP Part-21 physical file STEP Part 21 physical file defines a data representation for transfer of EXPRESS entity instances, which can describe 3D objects in the related information.
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 4 Figure 4-3: A typical example of STEP physical file (From Wikipedia)
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 46 Figure 4-6: The demonstration of FDM operations implemented by Microsoft Visual

Figure 4 

 4 Figure 4-7: (a) A part with a contour; (b) STEP-NC code for a contour

  develop a specific software to compile STEP-NC physical file for the print of AM part with CNC technology. . de la fabrication additive (FA), l'intégration de la chaîne numérique et des normes d'échange de données deviennent un enjeu majeur. Le chaîne numérique comporte différentes propres phases, dont notamment l'industrialisation et la fabrication. L'échange de données FA peut exploiter divers formats d'impression, tels que STL, AMF, 3MF et STEP. Par conséquent, la standardisation de la chaîne numérique et des formats de données devient un sujet de recherche majeur. Pour développer une approche permettant une meilleure intégration de la chaîne numérique, en particulier pour l'industrialisation et la fabrication une standardisation des formats de données est nécessaire pour améliorer l'interopérabilité entre les différentes applications informatiques (CAO / IPAO / FAO / MOCN). Deux types de problèmes doivent être surmontés : le premier est lié à l'intégration des processus clés, le second est lié au format de données. La contribution de la thèse s'appuie sur les normes STEP / STEP-NC pour les phases d'industrialisation et de fabrication. La première contribution propose la procédure de spécification de la chaîne numérique de FA, mobilisant des concepts, des normes, une représentation de modèle, des langages modélisation et une évaluation de modèle relatifs à cette technologie. La deuxième contribution, le modèle de données de processus FA, est proposée pour traiter les problèmes d'interopérabilité des données dans les phases d'industrialisation et de fabrication qui définissent les objets et entités de l'application, et créent des modèles de données du processus. La troisième contribution porte sur l'analyse de la conformité du modèle de données proposé, qui fournit la méthode d'analyse spécifique pour les opérations de fabrication par couche ou le trajet de la tête d'impression. Enfin, les propositions sont ensuite mises en oeuvre dans une architecture globale exploitant la plateforme CatalystEX. Cette architecture assure une démonstration de l'interopérabilité du modèle de données proposé et met en oeuvre une étude de cas à partir d'une
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	Figure 1-6: Schema of research points for AM digital chain.

Table 1

 1 

	-1: Summary of print format characteristics (e.g.: STL, AMF, 3MF, and
	STEP/STEP-NC)						
		STL	AMF	3MF	STEP/STEP-NC
	File language	Vectors, normal	XML	XML	EXPRESS/EXPRE SS-G, STEP Part 21
	Tessellated geometry	Triangle	Mesh	Mesh	Mesh		
	Material	Single material	Composite material , multiple	Composi material te; multiple	Single material
	Product						
	manufacturing information	No	No	No	STEP AP 242	
	(PMI)						
	Tolerance	No	Single tolerance	No	Based on ASME Y14 standard
	Process planning	No	Orientatio without support n	Support structure orientation without	All process	the	whole
	Operations management	No	No	No	AM operations can be extended for AM

Table 1 -

 1 . 2: Data standards for process planning in traditional manufacturing process.

	Process planning capability	Corresponding resources
	Feature-based process plans	ISO 10303 AP 224 (ISO 10303-224, 2006)
	Macro process plans	ISO 10303 AP 240 (ISO 10303-240, 2005)
	Process	plans	application	ISO 10303 Part 1803 (ISO 10303-1803,
	module			2014)
	Model-based process plans	ISO 10303 AP242 (ISO 10303-242, 2014)
	Process plans and definitions	ISO 15531 (ISO 15531-1, 2004)
	Reference planning process	ISO 18828 (ISO/DIS 18828-2, 2015)
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  Université de Technologie de Compiègne features, operations, and definitions of tools according to a series of ISO 14649 (STEP-NC) standards as shown in Table1-3.

	Table 1-3: Data standards for manufacturing process in traditional
	manufacturing process		
	Manufacturing process capability	Corresponding resources
	Overview	and	fundamental	ISO 14649-1 (ISO 14649-1, 2006)
	principals			
	General process data		ISO 14649-10 (ISO 14649-10, 2006)
	Process data for milling	ISO 14649-11 (ISO 14649-11, 2006)
	Process data for turning	ISO 14649-12 (ISO 14649-12, 2006)
	Tools for milling machines	ISO 14649-111 (ISO 14649-111, 2010)
	Application interpreted model for	
	CNC			

Table 1 -

 1 4: Relevant standards on the fundamental conformance testing.

	Specific conformance testing capability	Corresponding resources
	General concepts	ISO 10303 Part 31 (ISO 10303-
		31:1994, 2015)
	Requirements on testing laboratories and	ISO 10303 Part 32 (ISO 10303-
	clients	32, 1998)
	Abstract test methods for application	ISO 10303 Part 34 (ISO 10303-
	protocol implementations	34, 2000)
	Abstract test methods for standard data	ISO 10303 Part 35 (ISO 10303-
	access interface (SDAI) implementations	35, 2003)

  ).

		AM solidification		
			Sub-class		
	Melting	Sintering	Binding	Curing	Deposition
	1. Material extrusion	1. Selective Sintering	1. Binder Jetting	Vat	1.Material Jetting
	2. powder bed fusion	technology	2. Sheet Lamination	Photopolymer	2.Fused Deposition
	3. selective melting	2. Powder Bed	...	...	Modeling
	technology	Fusion			3.Direct Energy
	...	...			Deposition ...

  . STEP is developed by the ISO technical committee TC 184/SC4, mainly focusing on

	automation and integration. At the same time, other ISO standards developed
	by ISO TC 184/SC 4 are also:	
	 ISO 13584 Parts Library	
	 ISO 15531 Industrial Manufacturing Management Data	
	 ISO 18629 Process Specification Language	
	 ISO 18828 Standardized Procedures for Production Systems
	Engineering	
	 ISO 18876 Integration of Industrial Data for Exchange , Access, and
	Sharing	
	2.3.1.2 Components of ISO 10303	
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Table 2

 2 

	-1: Descriptive modelling languages for their definitions and contents
	in ISO 10303		
	Descriptive		Reference to
	Modelling	Definitions and Contents	STEP
	Language		Components
	NIAM		

  .

								ARM
	EXPRESS	As	a	language	for	communicating	AIM;
		information	specified	to	a	particular	Integrated
		programming or database system.		Resources
	EXPRESS-G	A graphical version of EXPRESS (Reference	ARM,
		to ISO 10303-11).				AIM,
								Integrated
								Resources
	EXPRESS-V	Two-way mapping between pairs of EXPRESS schema	ARM
	EXPRESS-I	A means of displaying example instantiations and the formal support for the specification.	/
	EXPRESS-X	Alternate representation of EXPRESS
		schemas and mappings between EXPRESS
		schemas.					

Table 3

 3 

	-1: Standards for process plan in manufacturing system(J. Xiao et
	al., 2017c)			
	ISO	Acronym	Objectives	Usage
	standards			
	10303	STEP	To exchange and sharing design and	Product information
			process information	
	14649	STEP-NC	To develop standardized data models	Process implementation
	15531	MANDATE	To create normalized data models for	Manufacturing
			improving manufacturing management	management and control
			and information exchange	
	18828	No	To standardize procedure for production	Information flows for
			systems engineering	planning processes

Table 3 -

 3 2: The definitions of application objects and entities in FDM

	process planning				
	Application objects and entities for PP	Definitions	
			Describes the geometry solid
		Tessellated_Shape	model	based	on	triangle
			tessellation	
	Shape Aspect	Sliced_Layer	Represents the specific slice shape for each layer that is used
			to manufacturing	
		Orientation	Indicates the direction of manufacturing
			Indicates	the		specific
		Deposition_Requisition	requirements for deposition
	Requirements		operation		
	and specification	Printheader_Requisition	Indicates the requirements of print header
		Material_Specification	Indicates the specification of material
		Deposition_Resource	Describes the related resources of deposition process
			Describes a series of print cells
		Deposition_Cell	of deposition process in the
	Process		print platform	
	planning		The collection of information,
	activity	Controller_Program	which identifies instructions to
			create a product	
			Contains	such	items	as
		Print_Floor	deposition cell, fused material
			cell, deposition setup, etc
		Deposition_Setup	Defines instruction for its original setup the deposited
			Specifies deposited operation
	Deposition process	FDM_Deposition Deposition_Parameter	that parameters, and setup connects Involves the related parameters controller, on FDM deposition
		Deposition_Operation_Type	Indicates the operation type of the specific deposition
			Indicates the property of
		Material_Property	material	characteristics,
			including melting point
	material	Property_Parameter	Describes one of the material characteristics for its parameters
			Define a special deposition
		Melting_Point	process for determining the
			print quality	

Table 3

 3 

	-3: The definitions of application objects and entities in FDM
	manufacturing process	
	Application objects and entities for MP	Definitions
	Manufacturing layer	Two5D_manufacturing_layer	Indicates single printed layer considering 2.5D

Table 3

 3 

	-4: The conformance assessment of manufacturing_layer for
	proposing specific steps.	
	Manufacturing data	manufacturing_layer
		 Represent the layer information correctly;
		 All related layer information can be executed
	Verdict criteria	completely;
		 Meet the interoperable requirements of layer
		information.
		Although it is difficult to implement the
		conformance testing under developed software, we
		deduce fundamental process and characteristics of
		manufacturing_layer as follows:
	Test characteristics	1. Obtain geometry slice from geometric model
	(Test Tools)	with orientation;
		2. Using advance boundary representation to
		describe layer solid;
		3. Provide manufacturing layer information as
		feature to operations.
	Result analysis	 Implementation  Interoperability
	To provide the conformance assessment of manufacturing layer, we
	propose verdict criteria and test characteristics as shown in Table 3-4. The
	verdict criteria mainly focus on three points. Firstly, manufacturing layer
	can represent the layer information completely during the entire
	manufacturing process. We have defined all related entities about
	manufacturing layer that can be transferred in different reference system
	without any loss. Secondly, all related layer information can be executed
	correctly when the information of each layer feature is used to deposit the
	print material without any lacks of operations. For example, loss of layer
	orientation leads to the uncertainty of deposition operations. Finally,
	manufacturing layer information can be interoperated in different systems,
	which ensures the implementation of AM process data model. In terms of
	test characteristics in conformance testing, we deal with these problems of
	geometry slice, slice orientation, layer representation, and operation

Table 4

 4 

	-1: Detailed descriptions of part related information management
	for its specific objects
	Specific information Objects	Detailed descriptions of part related information management

Table 4 -

 4 2:The detailed descriptions of part data acquisition for specific data objects.

	Specific data objects	Detailed descriptions of part data acquisition
			 ISO 10303 physical file definition (Based on
			STEP part 21)
			 Part data schema (The schema of physical
			representation of part data encodes the specific
	Part data		semantics for defining part design for
			manufacturing in computer interpretable syntax.)
			 Application Interpreted Model (AIM) schema
			(Based on EXPRESS and EXPRESS-G schema)
			 ISO 10303 standards
	Product manufacturing information (PMI)	and	 Annotation (i.e.: GD&T, surface texture specification, finish requirement, process notes, material specification, welding symbols, etc)  Attribute

Table 4 -

 4 3: The detailed descriptions of print data generation.

	Print related data		Detailed descriptions of print data generation
			 To extract material and equipment
			requirements and to check part data
			definition (as an input)
	Rough process plan	 Resource availability and part print data (as a control)
			 Resource requirements, process planning
			criteria, and process planning orders (as an
			output).
			 Build orientation (first step)
	Part print sequences	 Support structure (second step)
	(process plan orders)	 Slicing (third step)
			 Print paths (fourth step)
	Identify design problems &	evaluation	 Design exception notices (as a feedback)

Table 4 -

 4 4: The detailed descriptions of AM print operations

	Print operation data	Detailed description of AM print operations
	Manufacturing layer feature	 2.5D manufacturing layer (i.e.: Link to slice for geometry design)  Print layer (i.e.: Planar face and layer profile )
		 Print head (i.e.: the definition of print head and
		its parameters)
	Print operations	 Print path (i.e.: the trajectory of print head)  AM function & technology
		 Print strategy (i.e.: unidirectional, bidirectional,
		contour, etc)
	Print parameters	
	(for FDM technology)	

Scientific problems ......................................................................................................... 
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According to the principal of integrated data representation and exchange based on STEP-compliant NC, researchers have developed a series of complicated computer-aided system with a high-level integration and a conformance standard (integrated and standardised information system) through a well-completed data representation method (STEP-compliant NC based data model method). As a result, two main categories of scientific problems have been pointed out: the "data-related problems" and the "processbased problems". The STEP-compliant NC information model is considered as a potential solution to this research question because it can enable the integration of product lifecycle from the original design to downstream manufacturing for the increasingly complex information system (X. W. Xu et al., 2005). The second main research question is relevant to the AM specific process including process planning and manufacturing during AM digital thread. STEP-compliant NC research for process planning and manufacturing are dedicated to such question and enable the AM process integration and standardisation because it can represent all the information related to data exchange and sharing throughout the entire product lifecycle (Yusri et al., 2009).

Based on reviewing many literatures before, the existing STEP-compliant data method partially supports the original design information for AM process, but none of them can be used to represent all the information related to AM process planning and manufacturing simultaneously. As a result, the integrated STEP-compliant AM digital thread cannot fully achieve by existing data models.

In order to overcome the barriers resulting from existing STEP-compliant data methods, the thesis tried to seek solutions by making use of the STEPcompliant NC data model. As discussed in Chapter 1, the print format and digital thread described by STEP-compliant data model can be used as effective interoperable way to the integration and standardisation of information system. By considering the advantages of various printed formats and reviewing the AM digital thread, a survey on existing STEP -compliant NC data model have been carried on.

However, according to reviewing the STEP-compliant information standards for process planning and manufacturing in subtractive manufacturing and additive manufacturing before, none of the data model encompasses Université de Technologie de Compiègne Propositions This chapter will present in detail the propositions for a STEP-compliant data model and process information management in AM. The first proposition of the thesis is to build the procedure of information system in the specific AM process, including process planning and manufacturing.

The procedure is developed as an overview of existing a series of STEP data standards applied to data exchange in the specific AM process, which can help us to better understand the research of STEP-compliant NC information model and to provide an effective method for realization of the specific AM data model. The second proposition is a new methodology of STEP-compliant NC process data model for the integrated data exchange and sharing. The third proposition is to assess the conformance testing of the specific AM process data model for its verification and validation. In this information system, a data model is developed based on STEP and STEP-NC data standards that can achieve the data integration for both process planning and manufacturing. The conformance gives an effective testing method for the proposed data model during data exchange and sharing.



Guidelines for clarifying AM information

The first proposition of the thesis is the guidelines of clarifying information in the specific AM process. The specific AM guidelines can be used to support the requirements of existing process data model based on STEP and STEP-NC standards to solve the data-related problems and to achieve the integration of the specific AM process during the entire product lifecycle.

Before detailing a STEP-compliant NC process data model, let's go over several research points which have been introduced in previous chapter.

Jinhua XIAO

91 Université de Technologie de Compiègne data in entire product lifecycle, ( 2) to acquire all related information needed to fabricate desired parts, and (3) to generate a sequence of process data for operations, print devices and resources. This model presents the specific input, control, mechanism, and output data of process planning.

As shown in Figure 3 availability and part print data. Then rough process plans will result in resource requirements, process planning criteria, and process planning orders. Furthermore, process-planning orders will generate a sequence of specific operations for AM: build orientation, support structure, slicing and print paths. Finally, by comparing a sequence of operations and process plans criteria, design problems will result in design exception notices, which will feedback to readjust process plans. Jinhua XIAO 111 Université de Technologie de Compiègne placement, approaching the safe surface, lift-up to next layer, connecting print point, and following the print trajectory. All related characteristics of header path meet the requirements of verdict criteria to accomplish the data exchange and sharing using STEP data file. In short, all related entity definitions of header path have given a conformance testing through the comparison of implementation between verdict criteria and its specific characteristics.



Summary

This chapter presents the propositions -the procedure of information system in the specific AM process, including process planning and manufacturing operations. The second proposition is a new methodology of STEP-NC compliant process data model for the integrated data exchange and sharing. The third proposition is to assess the conformance testing of the specific AM process data model for its verification and validation. Next chapter will present the implementation and application for demonstrating our propositions.

IMPLEMENTATIONS & APPLICATIONS
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Implementations and applications

The case study chosen to demonstrate the propositions in this chapter is a STEP-compliant AM digital thread during the specific FDM process. The interoperable digital thread is designed for the implementation of the AM information exchange on process planning and manufacturing based on STEP-compliant data model. Because this STEP-compliant interoperable digital thread is considered as a data transferring system integrating simultaneously information management, product data acquisition, print data generation, and AM operations, the system requires a STEPcompliant integrated and standardised process for AM.

In this chapter, the demonstrator implementing the propositions based on application software CatalystEX platform (developed by Stratasys) will be first presented. The interoperable file describing print information based on STEP part 21 will be subsequently introduced. The propositions will be then demonstrated by the integration of the interoperable system with the demonstrator. The integrated and interoperable system will show that the propositions of the STEP-compliant process data model and conformance assessment can achieve the AM information exchange and sharing for process planning and manufacturing operations. Summary of the case study will be finally given. product data acquisition (Second scenario), print data generation (Third scenario), and AM operations (Fourth scenario). In order to demonstrate the production planning and manufacturing operations in the specific AM process, the analysis of NIST printing part will be done in next subsections.

First scenario

In the first scenario, information management in entire digital thread is very necessary for the integrated AM system to provide the effective interoperable way, which makes it easier to extract the required information from the AM complex system. The management of the required information mainly focuses on material, equipment, customer requirements, and resource specifications.

IMPLEMENTATIONS & APPLICATIONS
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125 Université de Technologie de Compiègne As shown in Table 4-5, we select Dimension 768 SST printer platform to demonstrate the AM production planning and print process. Material information has been defined about part material (P430 ABS model) and support material (SR-30 soluble support). Equipment information includes volume of print station (203mm X 203mm X 152mm), print software (CatalystEX), printer volume (Max. 688cm3), wash station of remove support (SCA-1200HT), and wash solution (46.3L NaOH). Customer requirements describe the accuracy (0.02mm) and consuming time (less than 2 hours) of print part. Resource specifications need to meet the needs of entire printing, to optimize the cost of labour resource, and to acquire the most benefits. In summary, the related information management provides an efficient method for data exchange and sharing in AM print. STL format file and its accuracy (0.01mm). However, besides part geometry information, product and manufacturing information (PMI) is also important to define tolerancing information, non-geometry annotations, and specifications. These information needs to reset during entire digital thread. As shown in Table 4-6, STEP physical file needs to translate the related information into STL file for implementing the print process by using CatalytstEX software. Although geometric information can be interpreted from STEP file into STL file directly, all the other information is hardly transferred into STL file, such as all tolerancing information, annotation, specifications, and so on. For example, NIST part has been transferred from STEP format to STL, and sets up the surface tolerance (0.01mm).

But other non-geometric information has not given the specific definitions in STL format, including annotation and specifications. is set up at 0.254mm, and the direct slicing method has been applied to perform the final print. Finally, print paths have been defined according to minimizing the print time for each layer. Owing to the print planning for FDM technology, all related information can be translated into STEP physical file to describe the completely interoperable information. In short, it will be a trend to represent print planning information based on STEP neutral file in integrated manufacturing process.

Fourth Scenario

However, the related information for FDM operations has been specified by proposing the print data definitions based on STEP-NC. We redefine the print header, head path, FDM technology and functions, deposition strategy, manufacturing layer feature, and related parameters. The definitions of the specific operations is to enhance the data interoperability of print executed process, and to integrate all the related information in entire digital thread. Therefore, it is necessary to implement the user interface to describe the information exchange and sharing in the specific operations. In summary, the case study in the chapter has demonstrated that the proposed process data model and the conformance assessment method can well support the integration and standardisation of production engineering and manufacturing during AM digital thread. Then a much more integrated process of digital thread has been achieved on the propositions.
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Conclusions and future work

The thesis research started with two types of scientific problems, namely process-based problems and data-related problems, which might be a huge challenge when achieving the information integration and standardization for AM digital thread. These two types of scientific problems shows the research objectives and research questions. This chapter firstly summaries the findings and contributions in this research regarding each of the research questions. In addition, the research extension from this thesis opens the door to other possible research directions. Therefore, the second part of this chapter will point out the future work.



Summary on the research questions

The interest of this thesis is on the integration and standardisation of production engineering and manufacturing operations during AM digital thread. According to the industrial requirements of computer integrated manufacturing systems, the integration of CAD/CAPP/CAM/CNC systems with production engineering and manufacturing operations in AM digital thread, which is considered as one of the most research questions for industrial automation systems and integration, should focus not only on the integration of AM information, but also on the standardisation of data exchange and sharing. Therefore, the thesis focused on the two kinds of integration which are relevant to the AM digital thread for production Concerning the integration related to the process, it is necessary to define the fundamental AM information of production engineering and manufacturing operations. Regarding the standardisation related to the data, it requires the conceptual definitions of the related information based on STEP/STEP-NC for AM digital thread.

The thesis focused on the integration related to process and the standardization related to data for the specific AM process. These two research points raises the scientific problems. The former raises "Process-based problems" while the latter brings up "Data-related problems" in AM digital thread. The research objectives and research questions can be accordingly proposed. How the propositions can answer these research questions will be presented hereafter.

Two research questions related to process are raised:  How to integrate the production engineering?

The integration of production engineering in the thesis defines its common vocabulary of AM planning information that gives a comprehensive representation for shape aspects, materials, deposition process, process plan activity, planning property parameters, and its related requirements and specifications. The representation of process planning in AM technology needs to extend more related definition rather than only build orientation, support structure, slicing, and toolpath generations. By referring the traditional process planning, the specific AM planning should integrate all related information, such as printed material, geometry, equipment, their specifications and requirements. In order to answer this research question, the thesis Jinhua XIAO 136 Université de Technologie de Compiègne considers various kinds of related process planning standards which provides a standard and common methodology for representing all related information. On the one hand, the whole process planning can be divided into three stages: information management, data acquisition, and data generation. The information management stage integrates all related information that involves material, print part design, equipment, and even resource specifications and requirements. The data acquisition stage links the import of CAD data to specific process planning to optimize the final print strategy. The data generation stage translates the executable data into the print physical file that can be used to perform the final part by CNC system. On the other hand, during the specific AM process planning, a sequence of specific AM plans should give a suitable definition during entire data exchange and sharing, including build orientation, support structure, slicing, and toolpath generations. Therefore, the integrated AM process planning has been enriched by defining its common vocabulary in data exchange and sharing.

 How to integrate the manufacturing operations?

The integration of manufacturing process in the thesis describes the implementation of print operations, the definition of manufacturing layer features, and the execution of AM working steps. However, a comprehensive and available information for specific AM process involves the determination of raw material, available machine tool, and the selection of the operation sequences in whole data exchange and sharing. As we know, the manufacturing layer features has been defined the material print layer-by-layer for specifying the AM operations and descriptions. The implementation of print operations associates the print tools, AM functions and technology, print tool paths, and even print strategy. The execution of AM working step defines the sequences of print steps that receive all the related information to execute the print process according to AM process planning data. For this manufacturing operations, process data model is used to extend the specific AM process for print operations, manufacturing layer features, and print working steps, which is similar with traditional manufacturing process for defining the process information. It is very significant to the integration for Jinhua XIAO 137 Université de Technologie de Compiègne manufacturing process that determine the AM digital thread. In order to ensure the interoperability of process information in various application systems, the conformance assessment is a required step to evaluate the related definitions based on manufacturing information standards. In summary, with the support of STEP-NC compliant data model for manufacturing process, integration of manufacturing information and the standardization of STEP-NC based information can be achieved.

Three research questions related to the data are presented as follows:

 How to define related data entities?

The definitions of related data entities in the thesis describes the specific entities for the integration of production engineering and manufacturing based on STEP/STEP-NC standards by using application reference model (ARM) and application activity model (AAM). However, data entities mainly include related entities, types, and their associated constraints defined in specific data representation. Firstly, the concepts of the specific AM process including production engineering and manufacturing operations need to define their related entities and application objects, which can be used to represent the integrated information interoperability. In addition, all related standards are referred to ensure the conformance of data definitions that all data can correctly be transferred in information exchange and sharing. For production planning, we have summarized many special AM definitions differed with traditional manufacturing planning (See Table 3-2). For manufacturing operations, we give the specific definitions for manufacturing layer features and print operations to combine STEP-NC process data manufacturing (See Table 3-3). To sum up, it is considered as the conceptual level to give an effective support for the integration and standardisation.

 How to represent the data model?

The data model for the specific AM process represents the information exchange and sharing which defines the relationship of the entities or application objects, and the implementation of process activities or sub-activities. It intends to provide a complete Jinhua XIAO 138 Université de Technologie de Compiègne information structure that supports all related information representation for entire specific AM process, and features the functionality based on STEP/STEP-NC standards. This research question can be answered by the proposed STEP-NC compliant process data model as well. Firstly, Application Reference Model (ARM) represents the related data structure and constraints for defined elements by using EXPRESS-G descriptive modelling language. The modelling languages mainly specifies the objectoriented and database concepts for the representation of information model, which consists of entities, schema, data type, attribute, and relationship. Secondly, Application Activity Model (AAM) represents process activities and activities for their required data in production engineering and manufacturing operations by using IDEF0 modelling language. It defines the exchange and flow of information for production planning and manufacturing by specifying the input, output, control, and mechanism for the specific process activities and sub-activities. So STEP-compliant process information model includes not only mapping specification but also information specification, process-related activity and implementation.

 How to analyse the conformance?

The conformance assessment of production engineering and manufacturing information provides a method to assess the conformity of related transferred data. The proposition aims to achieve the correctness of data transfer, the completeness of defined entities and their relationships, and the interoperability of manufacturing data. However, as presented in Chapter 1, the conformance assessment is considered as an effective support for the proposed process data model. Actually, conformance assessment describes the input data, the output data, the verdict criteria, test tools, and analysis result. The conformance assessment focused on head path and manufacturing layer, and proposed the specific criteria to verify the input data. Owing to the complexity of developing test software, the conformance testing is only verified according to the simple analysis that deduces the process of data exchange and sharing. In short, conformance assessment not only describes the details that specify the method of data transfer, but also assess the Jinhua XIAO 139 Université de Technologie de Compiègne conformance of proposed process data model. So it is necessary to achieve the data standardization for AM digital thread.

The discussion above shows that the research questions related to process and data can be answered by the propositions on the procedure of specifying AM digital thread, the proposed process data model, and the conformance assessment. In other words, the proposition can be considered as an effective support to achieve the integration and standardization of the specific AM digital thread during entire product lifecycle. Following sub-section will summarize the research contribution of the thesis to the integrated and standardized AM information system. 

Research contributions to AM digital thread

The thesis contributes to three research points for AM information integration and standardization: the guideline of specifying AM digital thread, the specific AM process data model for production engineering and manufacturing operations, and the conformance assessment of their data entities and application objects. The first proposition of the thesis can be concluded as "a guideline of clarifying AM information system that provides a method to research the specific AM process based on STEP/STEP-NC standards", whose contributions can be described as follows:

 The thesis proposed a new architecture for describing the integrated and standardized information for production engineering and manufacturing operations. The information architecture is considered as a foundation of the STEP/STEP-NC compliant process data model. It not only provides a standard representation of application model in information exchange and sharing, but also describes some specific methods for modelling language and model assessments in digital thread application.

 The thesis specified some applied methods for some conceptual levels which can describe the architecture in the Jinhua XIAO 141 Université de Technologie de Compiègne process plan activity and property parameters. The data model represents process planning data and their relations for providing manufacturing strategies and optimized parameters in FDM. At the same time, However, it is necessary to present process activity using AAM based on IDEF0.

 The thesis proposed STEP-compliant process data model for AM process. STEP-NC based data modelling approach provides the fundamental definitions of AM concepts, a consistent representation of manufacturing layer, and deposition operations and parameters in FDM using EXPRESS-G language. Manufacturing layer in shape aspect provides not only geometric related information that represents data exchange of geometry slices, geometric model, and shape aspect, but also manufacturing feature information that specifies deposition methods of printed layers in FDM manufacturing system. Deposition operations is to define print header, to create header paths automatically, and to optimize process parameters and its strategy. Process parameters define the specific semantics and syntax of related parameter for representing the print information based on STEP-NC standards.

The third main proposition of the thesis research was related to the conformance assessment based on the proposed process data model.

The contributions of this analysis approach can be concluded hereafter:

 The thesis gave the conformance assessment for the proposed data model on production engineering and manufacturing operations, which provided an effective approach to assess the correctness, completeness, and interoperability in AM information exchange and sharing.

Although it is difficult for the conformance testing of production planning and manufacturing process to develop application testing software systems, we carried out the conformance assessment on manufacturing layer and header paths by deducing their specific application process. 

Abstract

Regarding the rapid development of additive manufacturing (AM) technology, the integration of digital thread and the standard of data exchange are becoming a huge trend. Digital thread has its own several stages, including production engineering and manufacturing operations.

AM data exchange mainly focuses on various print formats, such as STL, AMF, 3MF, and STEP. Therefore, digital thread and information standard become increasing significant.

In order to achieve a better integration of digital thread, data standard is needed further to enhance the interoperability among various computer-aided X systems (CAD/CAPP/CAM/CNC). Two kinds of problems must be overcome. The first problem is linked to processrelated integration while the second is related to data standard.