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Abstract 

Additive manufacturing is a complex and inherently digitally orientated manufacturing 
technology. This technology has become popular as it offers certain benefits when compared 
with traditional manufacturing technologies such as the ability to produce unique and complex 
geometries, reduced turnaround time from design to final product, reduced material waste, and 
the ability to process a wide range of materials. There are however challenges to the qualification 
and industrialization on this technology. These include the potential variability in both inputs and 
outputs, control of the many variables and process parameters, and the lack of process 
understanding, guidance material, and the steep learning curve for new users.  

This report proposes a reference activity model that defines generic activities and data items 
across the additive manufacturing workflow, from design through to part evaluation. The 
reference activity model is modeled in accordance with the IDEF0 language. Data items are 
defined and mapped against industry standards to provide users with the required information 
to develop their specific production processes and controls. This model aims to improve additive 
manufacturing product and production data exchange and detail a reference architecture for the 
development of digital twins and threads. 

Keywords 

Activity Model; Additive Manufacturing; Digital Manufacturing; IDEF0; Manufacturing Data; 
Model-Based Control; Powder Bed Fusion; Production Control. 
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1. Introduction 

When producing a part via an additive manufacturing (AM) process, an inherently digital 
manufacturing process, not only is the physical part created from raw materials, but also large 
amounts of data are generated. Such data can be related to the design, process planning, build, 
post-processing, and testing activities of the part production process. An as-built part is 
transformed when it is post-processed; however, information is generated and transformed 
throughout all the activities related to a production process. The digital data associated with the 
physical part can be output to create a digital twin of the part throughout its lifecycle [1]. The 
data generated by the production process across the product lifecycle provides a record of all 
information related to the activities used to create the part, this is referred to as the digital thread 
[2]. The identification of information flows between various activities is necessary to define data 
exchange standards. 

The activities related to the design, process planning, build, post-processing, and testing of a part 
and its associated information can be modeled with the Integration Definition for Function 
Modeling (IDEF0) language. IDEF0 is a language (syntax and semantics) and methodology to 
model activities, actions, processes, and operations performed by a system and the functional 
relationships and information or objects that support the integration of those functions [3]. A 
review of the IDEF0 modeling approach is presented in Appendix B. The IDEF0 language and 
notation is standardized in ISO/IEC/IEEE 31320-1 [4]. IDEF0 has been used to model various 
aspects of manufacturing including dimensional inspection planning [5], metal machining [6], 
reference architectures for the integration of manufacturing software applications and smart 
manufacturing [7, 8], AM machine qualification [9], manufacturing diagnosis [10], manufacturing 
planning and execution [11], a planning model for part measurement [12], seamless production 
planning [13], and ISO 9001 quality management systems [14]. The IDEF0 methodology has also 
been used to model a digital chain for AM processes [15] and an AM decision support system [16, 
17]. Previous research at NIST developed an IDEF0 model for data representations in laser-based 
powder bed fusion (PBF) processes [18, 19]. This report revises and expands on this previous 
work. 

As AM is an inherently digital process, the aim is to model the AM activities from a digitally 
focused perspective. As an example, design requirements can be documented in physical paper 
form and passed around to those that require them. Although such information is included in this 
model, the digital format of such information, such as PDF or CSV formats, was imposed during 
the modeling approach. This facilitates the reduction of human information processing and 
interpretation errors and enables digital engineering concepts such as the Digital Twin and the 
Digital Thread to be realized. The AIØ WIN® IDEF0 model-based systems engineering software 
tool was used for developing the AM activity model presented in this document. This tool aids 
information traceability and configuration management of both the diagrams and the activity 
model itself. 
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 Purpose 

The activity model for PBF production defined in this document defines the key functions, 
activities, and production entities required to produce a part using PBF and associated 
technologies. This model proposes a standard architecture for metal AM data definition with the 
primary aim of improving AM production data exchange [20]. The model does not intend to 
define how such products shall be produced. The purpose of this model is to define, at a high-
level, the type, scope, and identification of information used during such production activities. 
Potential uses of this model include: 

• Development of procurement agreements and specifications. 

• Controlling subcontractors and outsourced production. 

• Development and implementation of digital production and management systems such 
as MES, PLM, and QMS for AM. 

• Development of production Digital Twin architectures and product Digital Thread models. 

• Integration and interfacing between production system elements. 

• Communication with stakeholders to better understand the complexities of the AM 
production process and the implications on design, planning, and manufacturing. 

• Define, impose, and conform to requirements. 

• Detail production controls to improve quality. 

• Structuring of product development activities and process planning. 

• Providing interoperability requirements of data exchange and communication between 
different stages of the AM processes. 

• Modeling unit manufacturing processes (UMP) and characterizing their environmental 
aspects [21]. 

 Scope 

This document provides a reference1 activity model of the PBF production process and associated 
data. This model is developed for the production of discrete metal parts [23]. The focus of the 
model is on the products of the AM production system in its various forms and states as it 
progresses through the product lifecycle. The physical products of the AM production system 
may change depending on the type of production performed. During production qualification, 
typically test specimens and structural elements will be produced, whereas during ongoing 
production actual components with witness specimens will be produced.  

This model does not address the production system or equipment lifecycles. At a high level, the 
activity models aim at being process agnostic, whereas at a lower level, the models are specific 
to the PBF production process. The model is machine and software make and model agnostic. 
Verification activities whereby production data is analyzed for decision-making purposes such as 
design simulation or mechanical test result evaluation are excluded from the scope of this model. 
These activities are performed at the manufacturing operations and control level of the 

 
1 DIN SPEC 91345 defines a reference model as a “model that is generally used and recognized as being suitable (has recommendation 
character) for deriving specific models” [22]. 
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enterprise, the controlling level, using the D.4: Digital Twin Data, see Figure 2, generated by the 
AM production system as the input for such verification and decision-making activities [24]. 

Personnel are key resources in an AM production system. Personnel are not included in the 
model diagrams, but they are mechanisms for the activities and functions in the model. Software 
are the digital tools used in the AM production. The associated hardware to be able to use such 
software is also excluded from the model diagrams. This hardware is always associated with the 
software entities, and they cannot be separated. Similarly, control system software is not 
modeled separately from machine type equipment. 

 Modeling Concepts 

Three key information flows are modeled in the activity model presented in Section 3. These 
flows provide information for production planning, qualification, and operation activities that 
directly relate to P.2: AM Part quality and extend the IDEF0 modeling language. Data items that 
do not directly relate to the P.2: AM Part are represented in black. The three information flows 
are: 

• Material Flow – The material flow defines where the physical material interacts with the 
physical production system. This flow is colored blue in the model diagrams. 

• Data Flow – The data flow defines the key production data required for the development 
of Digital Twins. This data flows through the production system and creates a Digital 
Thread associated with the part being produced. This flow is colored red in the model 
diagrams. 

• Resource Allocation – The resource allocation defines the production system resources 
required to produce the product. Such resources typically require significant capital 
investment, but also require qualification, maintenance, and calibration to maintain their 
operational status. Such resources are prime targets for cyber-attacks and adequate 
security controls should be implemented to reduce these risks. This allocation is colored 
magenta in the model diagrams. 

The item P.2: AM Part is used as a generalized term for all possible physical products or outputs 
of an AM-centric production system, the product of the production process. The type of output 
will differ depending on the production phase and application. A P.2: AM Part can be either of 
the following or a combination thereof: 

• Component – Reference or prototype, qualification, first article, or production parts [25]. 
Components are the primary output of an AM-centric production system and serve a 
functional purpose for a specific application. 

• Specimen – Test specimen, witness specimen, or design element. Such specimens are 
used to determine material properties or determine part-representative properties. 

• Test Artifact – Benchmarking test piece geometries used to assess the performance of AM 
manufacturing systems [26, 27]. Such artifacts are typically produced during early AM 
production system qualification phases that aim at qualifying AM machines [28].  
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In addition to these three types of P.2: AM Part is the concept of a workpiece. This term draws 
upon traditional manufacturing terminology and is used to represent a work-in-process P.2: AM 
Part. Such a workpiece could be the full P.2.2: AM Build before support removal or an P.2.5.1: 
As-Built Workpiece that may still require post-processing. 
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2. Function Decomposition 

The functional decomposition of the A0: Produce AM Part activity is depicted in Figure 1. Three 
levels of decomposition are modeled, each detailing increased specificity. Further decomposition 
is dependent on the specific application and production facilities used. Hence A3 is decomposed 
a further level lower as these activities are critical for the PBF technology and associated 
processes. 

 

Figure 1: Functional Decomposition Diagram. 
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3. Activity Model 

The primary function of an AM-centric production system is to A0: Produce AM Parts. Figure 2 
depicts the primary function in the IDEF0 context diagram. This is the highest level of abstraction 
and the A0 diagram defines the key production system inputs, controls, outputs, and mechanisms 
(ICOMs)2. The A0: Produce AM Part activity transforms the P.1: Feedstock Material into an P.2: 
AM Part with its associated D.4: Digital Twin Data. This activity is controlled by the D.1: Design 
Requirements, D.2: Production Controls, and D.3: Standards. 

 

Figure 2: Primary Function to A0: Produce AM Part. 

The primary function is decomposed into the following six activities: 

1. A1: Create AM Design 

2. A2: Plan Process (Machine Independent) 

3. A3: Plan Process (Machine Dependent) 

4. A4: Manufacture AM Workpiece 

5. A5: Post-Process Workpiece 

6. A6: Evaluate Part 

The decomposition of A0: Make AM Part into the six sub-activities is depicted in Figure 3. These 
six activities are generic to AM production. Process planning is separated into two activities, the 
first for machine independent process planning activities, and the second for machine-
dependent process planning. It shall be noted that the A2: Plan Process (Machine Independent) 
activity is not process-independent. The collection of all digital information that is generated by 
the activities that relate to the P.2: AM Part forms a digital thread. The D.4: Digital Twin Data is 
output to form a digital replica of the P.2: AM Part at the critical stages of its product lifecycle.  

The activities required to produce an P.2: AM Part are facilitated by D.5: Software and P.3: 
Equipment type resources. Personnel are key resources in an AM production system. Personnel 

 
2 See Appendix B for an overview of the IDEF0 modeling language. 
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are not included in the model diagrams, but they are mechanisms to all the activities and 
functions in the model. D.5: Software are the digital tools used during AM production. The 
associated hardware to be able to use such D.5: Software are also excluded from the model 
diagrams. This hardware is always associated with the software entities, and they cannot be 
separated. Similarly, the control system software is not modeled separately from machine-type 
equipment. The ICOM data items are defined in Section 4. As depicted in Figure 3, activities A1 
through A3 are planning-focused and digitally orientated, whereas activities A4 through A6 are 
production implementation-focused and physically orientated. 
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Figure 3: Decomposition of A0: Produce AM Part. 
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 A1: Create AM Design 

The decomposed activities for the A1: Create AM Design activity are shown in Figure 4. This 
activity transforms D.1: Design Requirements into a D.4.1: CAD Model that has been designed 
for the AM process and material. The D.4.1: CAD Model can be output in various formats such as 
STL, AMF, 3MF, or STEP. The format of the D.4.1: CAD Model is dependent on the specific D.5: 
Software and P.3: Equipment used in the production system. 

 

Figure 4: Decomposition of A1: Create AM Design. 

3.1.1. A11: Model Part 

The A11: Model Part activity applies a design process to create one or several D.4.1: CAD Models 
that meet the input D.1: Design Requirements. This activity is controlled by D.2.1.1: Design 
Guidelines. This activity aims at fulfilling the D.1: Design Requirements imposed by the wider 
production system, such as mating surfaces, system integrations, loads, and other constraints. 
This activity is also controlled by the D.3.1: Material Specifications which specify the material 
properties and allowables that the designer shall design the part to. 

3.1.2. A12: Optimize Topology 

The A12: Optimize Topology activity optimizes the D.4.1.1: Product Design using topology 
optimization algorithms and generative design functions within a D.5.2: Optimization Software 
package. Such an activity typically aims at reducing the volume of the design body while 
conforming to expected structural loads. The D.3.1: Material Specifications specify the material 
properties and allowables that control the A12: Optimize Topology activity. Topology 
optimization and generative design activities can be performed using specialized D.5.2: 
Optimization Software or modern D.5.1: CAD Software that have such capabilities built in. 
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3.1.3. A12: Format Model 

The A13: Format Model activity is performed to format either a D.4.1.1: Product Design or an 
D.4.1.2: Optimized Model for the specific application and production process. Formatting can 
include: 

• Repairing mesh errors or other CAD related errors. 

• Adding manufacturing or machining tolerances. 

• Converting between data formats, such as STEP to STL. 

 A2: Plan Process (Machine Independent) 

The decomposed activities performed as part of the A2: Plan Process (Machine-Independent) 
activity are shown in Figure 5. This activity is performed with knowledge of the specific 
manufacturing processes but without specific machine information. AM processes can be 
susceptible to quality issues such as irregular surface roughness. Adequate process planning shall 
be performed to reduce the risk of such issues and fulfill D.1: Design Requirements. The D.4.2: 
Orientated Model is a control to the A22: Design Support Structures meaning this activity can 
only be performed after the A21: Choose Orientation activity has been completed. 

 

Figure 5: Decomposition of A2: Plan Process (Machine Independent). 

3.2.1. A21: Choose Orientation 

Using the information specified in the D.1: Design Requirements and D.3.1: Material 
Specifications, the design shall choose an appropriate orientation for the design following the 
D.2.1.1: Design Guidelines. An D.4.2: Orientated Model is output from the A21: Choose 
Orientation activity. The orientation shall be chosen in relation to the build plate and platform in 
accordance with ISO/ASTM 52921 requirements [29]. The orientation significantly affects 
residual stress and material orthotropy or anisotropy. Such aspects shall be carefully considered 
when choosing an orientation. 
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3.2.2. A22: Design Support Structures 

Based on the D.4.2: Orientated Model, the designer then performs the A22: Design Support 
Structures activity. The D.2.1.1: Design Guidelines, such as ISO/ASTM 52911-1 [30], shall provide 
guidance on how to design such supports. This activity shall also be performed based on the 
specific D.1: Design Requirements as the location and type of support structures can have an 
impact of the surface roughness, dimensions, and residual stresses of the produced P.2: AM Part. 
This activity may be omitted if the part can be printed directly on the build plate or if support 
structures are designed as part of the original D.4.1: CAD Model. 

 A3: Plan Process (Machine Dependent) 

Figure 6 shows the decomposed A3: Plan Process (Machine Dependent) activity. This activity is 
not only process-specific but also dependent on the specific machines and equipment used for 
production. The A32: Develop Production Plan is dependent on the contents of the D.4.4: Build 
Model, and the A33: Create Equipment Control Instructions is dependent on the D.4.6.2: 
Production Resources and D.4.6.3: Process Parameters defined as part of the D.4.6: Production 
Plan. 

 

Figure 6: Decomposition of A3: Plan Process (Machine Dependent). 

3.3.1. A31: Create Build Model 

The sub-activities of the A31: Create Build Model activity are shown in Figure 7. The D.4.2: 
Orientated Model is placed in the build volume and located in 3D space during A311: Place 
Design resulting in a D.4.4.1: Located Design. This model then either acts as a control for the 
A312: Generate Support Structure activity or as a direct input to the A313: Slice Build activity if 
the design is placed directly on the build plate without the need for D.4.4.2: Support Structures. 
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The D.4.4: Build Model consists of the D.4.4.1: Located Design and the optional D.4.4.2: Support 
Structures. The D.5.3: AM Software can be commercial build preparation software or machine-
specific OEM build software. 

 

Figure 7: Decomposition of A31: Create Build Model. 

3.3.2. A32: Develop Production Plan 

The decomposed A32: Develop Production Plan activity is presented in Figure 8. Firstly, the 
production process route is defined. The defined D.4.6.1: Process Route controls the A322: 
Assign Resources activity. By assigning resources to the production process steps, the machine 
and equipment-specific capabilities are detailed for the specific production instance. The defined 
D.4.6.2: Production Resources data item then subsequently controls the A323: Define Process 
Parameters activity. The developed D.4.6: Production Plan consists of: 

• D.4.6.1: Process Route which defines the full production sequence and process flow. 

• D.4.6.2: Production Resources which defines the specific equipment, software, and 
associated operators required to perform manufacturing and evaluation operations.  

• D.4.6.3: Process Parameters for each of the assigned D.4.6.2: Production Resources and 
their design values. Examples include build plate temperature of 150℃ or annealing dwell 
temperature of 920℃. 
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Figure 8: Decomposition of A32: Develop Production Plan. 

3.3.3. A33: Create Equipment Control Instructions 

The decomposition of the A33: Create Equipment Control Instructions is depicted in Figure 9. 
The development of such D.4.7: Equipment Controls is controlled by the specific D.4.6.2: 
Production Resources and D.4.6.3: Process Parameters specified as part of the D.4.6: Production 
Plan. The A331: Generate Scan Strategy transforms the D.4.5: Slices into a PBF machine-readable 
D.4.7.1: Scan Strategy. Additionally, the D.4.2: Orientated Model can be transformed into 
D.4.7.2: Machining Toolpaths and/or D.4.7.3: Inspection Routines by activities A332 or A333 
respectively. It is important that the D.4.2: Orientated Model be used here as opposed to the 
D.4.1: CAD Model, as the orientation of the design in the build can drive the need for location-
specific finishing and inspection operations. 
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Figure 9: Decomposition of A33: Create Equipment Control Instructions. 

 A4 Manufacture AM Workpiece 

The decomposed activities of the A4: Manufacture AM Workpiece activity are shown in Figure 
10. This activity includes the fundamental functions required to manufacture an P.2.2: AM Build 
using PBF technology. This activity transforms the D.4.7.1: Scan Strategy and either P.1: 
Feedstock Material or P.2.4: Reconditioned Powder, or a combination thereof, into an P.2.2: 
AM Build and its associated D.4.8: Sensor Data. This activity is where production transitions from 
a digitally orientated activity to a physical and digital activity. PBF machine functions such as gas 
flowrate and build plate temperature are specified by the D.4.6.3: Process Parameters which 
control multiple sub-activities as depicted in Figure 10. 
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Figure 10: Decomposition of A4: Manufacture AM Workpiece. 

3.4.1. A41: Create Powder Layer 

The A41: Create Powder Layer activity is performed by the P.3.1: PBF Machine to lay an ideally 
uniform and homogenous layer of metal powder over the build area. This typically involves 
dosing powder from a hopper and then coating the powder over the build using a recoating 
mechanism. The D.4.6.3: Process Parameters specify the layer thickness that controls this 
activity. 

3.4.2. A42: Fuse Powder Layer 

The P.2.1: Powder Layer created during the A41 activity is then fused into a P.2.2.1: Fused Layer 
by the fusion source in the P.3.1: PBF Machine. The P.2.2: AM Build consists of one or more 
P.2.2.1: Fused Layer/s. This activity is controlled by the defined D.4.7.1: Scan Strategy which 
specifies important parameters such as laser powder and scan speed, as well as the structure and 
coordinates of the scan paths such as contouring, hatching, etc. 

3.4.3. A43: Monitor AM Process 

The A43: Monitor AM Process activity is performed to monitor the P.2.2.1: Fused Layer and/or 
the P.2.1: Powder Layer. This activity utilizes sensors and instruments within or fitted onto the 
P.3.1: PBF Machine to transform the physical layers into representative D.4.8: Sensor Data. 

3.4.4. A44: Recondition Powder 

P.2.3: Unfused Powder reclaimed from the AM build process can be reconditioned for reuse in 
subsequent builds. The A44: Recondition Powder activity typically involves sieving powder to 
remove agglomerates and mixing and/or blending the powder to form a homogenous bulk. The 
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resulting P.2.4: Reconditioned Powder can then be feedback into the AM process for subsequent 
builds. 

 A5: Post-Process Workpiece 

The A5: Post-Process Workpiece activity is shown in Figure 11. This activity transforms the P.2.2: 
AM Build into a P.2.5: Manufactured Part that is dependent on the specific production 
application. This model allows for either As-Built, Heat Treated, or Finished type P.2.5: 
Manufactured Parts and any combination thereof. 

 

Figure 11: Decomposition of A5: Post-Process Workpiece. 

3.5.1. A51: Process Build 

The A51: Process Build activity is performed for all production runs. At the very least all P.2.2: 
AM Builds require cleaning before subsequent activities. Other A51: Process Build activities that 
may be performed include cutting from the build plate and support removal. 

3.5.2. A52: Customize Metallurgy 

The A52: Customize Metallurgy transforms the P.2.5.1: As-Built Workpiece into a P.2.5.2: 
Treated Workpiece. It is common practice to finish AM workpieces after performing heat 
treatments to remove surface oxidation, surface-connected defects, and other reasons. Although 
there are instances where one might want to A52: Customize Metallurgy after performing the 
A53: Improve Workpiece Geometry activity, such as when case hardening is required. The 
P.2.5.3: Finished Workpiece is therefore also a possible input to the A52: Customize Metallurgy 
activity. 
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3.5.3. A53: Improve Workpiece Geometry 

The A53: Improve Workpiece Geometry activity can utilize various P.3.4: Cutting Equipment 
such as bandsaws or wire electrical discharge machines (EDM) and/or P.3.6: Finishing Equipment 
such as mills, lathes, barrel finishing equipment, or abrasives and polishing equipment to 
transform the workpiece into a P.2.5.3: Finished Workpiece. The P.3.3: Cleaning Equipment is 
also a mechanism to this activity as cleaning is required after the finishing processes, whether it 
be to clean cutting fluid from the workpiece or to clean away abrasives after polishing operations. 

 A6 Evaluate Part 

The A6: Evaluate Part activities are shown in Figure 12. These activities are controlled by 
standardized test methods such as those published by ASTM International or ISO. The A6: 
Evaluate Part activity transforms a P.2.5: Manufactured Part into an P.2.6: Evaluated Part and 
its associated D.4.8: Sensor Data. Some degree of part evaluation is typically required for all AM 
production applications, whether it be simple visual type non-destructive evaluation (NDE) and 
dimensional measurements, or more complex computed tomography (CT) analyses. 

 

Figure 12: Decomposition of A6: Evaluate Part. 

3.6.1. A61: Dimensional Metrology 

This activity measures the part dimensions such as length, diameter of holes, and surface 
roughness, and is performed to assess conformance to design tolerances. The A61: Dimensional 
Metrology activity transforms either a P.2.5: Manufactured Part or an P.2.6.2: Inspected Part 
into a P.2.6.1: Measured Part. This allows for performing either of A61 or A62 first. For instances 
such as fluorescent penetrant, the user may want to apply the penetrant by performing A62 first 
and then measure any identified cracks by performing the A61 activity thereafter. The modeled 
feedback for P.2.6.2: Inspected Part allows for such instances. 
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3.6.2. A62: Non-Destructive Evaluation 

The A62: Non-Destructive Evaluation activity is performed to evaluate products for 
nonconformances and/or quality assurance purposes. NDE can range from visual inspections to 
radiographic and volumetric CT analyses. ASTM E3166 provides a standard guide for the NDE of 
AM parts [31]. 

3.6.3. A63: Perform Material Testing 

A63: Perform Material Testing is a generic activity that can be executed if specific testing is 
required. Such testing may include tensile testing per ASTM E8/E8M [32], microhardness testing 
per ASTM E384 [33], metallographic evaluations per ASTM E112 [34], or even density testing per 
ASTM B311 [35]. The A63: Perform Material Testing can be performed on P.2: AM Part in its 
various forms and is highly dependent on the production application and phase, such as 
operational qualification, part and performance qualification, or even ongoing production [28]. 
The model assumes that testing is performed on a P.2.6.1: Measured Part such as tensile 
specimens after having their gauge length and diameter measured, or metallographic sections 
after measuring the distance of the sectioned plane from the surface of the manufactured 
structure. 
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4. Data Item Definitions 

Data items are classified as either of the four ICOMs to a function or activity. These classifications 
can change depending on the context. As an example, a plan can be an output of one activity and 
a control to another. Data items are categorized as either digital3 or physical. Digital data item 
definitions are provided in Table 1 and physical data items are defined in Table 2. The data items 
are mapped to the relevant ASTM F3490 AM information modules [36]. 

Table 1: Digital Data Item Definitions. 

ID Name Description ASTM F3490 

D.1 Design 
Requirements 

The conceptual design of a part and related design requirements. 
The availability of design requirements indicates the need for 
production. 

Module 1 & 3 

D.2 Production 
Controls 

Instructions (computer and/or human readable) that control 
production operations (design, planning, manufacturing, testing, 
etc.). 

Module 1 

D.2.1 Procedures Specified way to carry out an activity or a process [37]. 
Intentionally described for human interpretation. 

Module 1 

D.2.1.1 Design 
Guidelines 

Guidelines for performing computer-aided design activities. Such 
guidelines specify the formatting and model transformation 
heuristics to be able to fulfill D.1: Design Requirements.  

Module 1 

D.3 Standards Documents that provide requirements, specifications, guidelines, 
or characteristics that can be used consistently to ensure that 
materials, products, processes, and services are fit for their 
purpose. 

Module 1 

D.3.1 Material 
Specifications 

Documents stating technical material requirements and 
allowables [37]. 

Module 1 

D.3.2 Process 
Specifications 

Documents stating technical process requirements and variables 
[37]. 

Module 1 

D.3.3 Test Methods Standardized methods and associated procedures for testing and 
evaluating materials and structures. 

Module 1 

D.4 Digital Twin Data Dataset used to create virtual information constructs that mimics 
the structure, context, and behavior of an individual and unique 
physical asset, or a group of physical assets. It is dynamically 
updated with data from its physical twin throughout its life cycle 
and informs decisions that realize value [38]. 

Module 3, 8 & 
9 

D.4.1 CAD Model Computer-generated model of a part that is developed using 
D.5.1: CAD Software.   

Module 3 

D.4.1.1 Product Design Model of the part (component, specimen, or test artifact) using 
D.5.1: CAD Software to fulfill D.1: Design Requirements. 

Module 3 

D.4.1.2 Optimized 
Model 

Design optimized for the specific AM technology and post-
processes. 

Module 3 

D.4.1.3 Formatted 
Model 

The transformation of the design model into a data format 
specific for process planning activities. This includes any 
alterations to the model due to aspects such as mesh repairs or 
manufacturing tolerances. 

Module 3 

 
3 We assume that documents are used in their digital form. E.g. standards are in PDF format and read digitally using a computer. 
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D.4.2 Orientation The selected orientation of the part as placed in the build volume. 
This could be used as a reference to choose an orientation for a 
specific machine. 

Module 3 & 4 

D.4.3 Support Design Design of the support structures to support the chosen 
orientation of the part for a particular AM process. Such supports 
may be used for fixturing during post-process operations. 

Module 3 

D.4.4 Build Model Project file containing the build design and associated data. Module 2 & 4 

D.4.4.1 Located Design Design located in the build volume in 3D space. Module 2 & 4 

D.4.4.2 Support 
Structures 

Generated support structures in the build volume with reference 
to the D.4.4.1: Located Design. 

Module 2 

D.4.5 Slices Build model sectioned horizontally to facilitate the layer-by-layer 
additive manufacturing process. 

Module 2 

D.4.6 Production Plan A planning document that specifies how to control variation in 
key characteristics [39]. This document can reference both 
human and machine controls. 

Module 1, 2, 4, 
7 & 13 

D.4.6.1 Process Route Definition of the production process route and flow detailing key 
decision gates. 

Module 2 & 4 

D.4.6.2 Production 
Resources 

List of production resources required to produce the P.2: AM 
Part. Resources are defined by their unique ID with reference to 
their capabilities. 

Module 2 

D.4.6.3 Process 
Parameters 

Parameters and their designed values for controlling the 
operation of process equipment such as machines. 

Module 7 & 13 

D.4.7 Equipment 
Controls 

Instructions defining how equipment shall operate and utilize 
tools. Examples include STEP-NC and G-code for CNC machines. 

Module 7  

D.4.7.1 Scan Strategy The toolpath strategy for the fusion source used to create the 
P.2: AM Part and builds. 

Module 7 

D.4.7.2 Machining 
Toolpath 

Numerical code for instructing and controlling CNC machine 
operations. 

Module 7 

D.4.7.3 Inspection 
Routine 

Code for instructing and controlling inspection instrumentation 
such as CMM probes. 

Module 7 

D.4.8 Sensor Data Data generated by sensors placed on equipment or in facilities to 
monitor processes. Examples include powder bed images, 
furnace thermocouple data, CMM probe coordinates, human 
operator readings, etc. 

Module 8 

D.5 Software Digital tools used to plan and manage part and production 
operations and associated data. 

Module 14 

D.5.1 CAD Software Software used to design products and define geometrical 
dimensions and tolerances. 

Module 14 

D.5.2 Optimization 
Software 

Software and associated algorithms used to optimize structures 
for the AM process. 

Module 14 

D.5.3 AM Software Refers to the software tools used to design AM builds and 
generate a D.4.4: Build Model and D.4.5: Slices. Some D.5.3: AM 
Software packages can be used to perform CAM activities and 
generate D.4.7.1: Scan Strategies. 

Module 14 

D.5.4 CAPP4 Software Software used for computer-aided process planning. Such 
software is used to plan process routes and assign production 
resources. 

Module 14 

 
4 CAPP capabilities are often provided as part of other manufacturing software packages such as PLM software. CAPP can be performed using 
various software tools such as Excel, Visio, etc. 
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D.5.5 CAM5 Software Software used for computer-aided manufacturing. Such software 
is used to generate machine toolpaths, generate coordinate 
controls, and assign process parameters. 

Module 14 

 

Table 2: Physical Data Item Definitions. 

ID Name Description ASTM F3490 

P.1 Feedstock 
Material 

Feedstock material of uniquely identifiable characteristics used 
to produce the P.2: AM Part. 

Module 6 

P.2 AM Part The product of the production system. The P.2: AM Part is the 
primary physical output of the system in its final form before 
shipping to the customer. 

Module 2, 4, 
6 & 8 

P.2.1 Powder Layer The formed layer of powder that has been spread across the 
build plate and platform by a recoater arm and blade at a 
specified thickness. 

Module 8 

P.2.2 AM Build Work in process workpiece that is produced by the AM machine. 
Consists of one or more P.2.2.1: Fused Layers on a build plate. 

Module 2 

P.2.2.1 Fused Layer Layer of metal powder that has been coated over the powder 
bed and subsequently fused by the energy source (typically a 
laser or electron beam). 

Module 8 

P.2.3 Unfused Powder Powder that has been recoated in the build chamber but has not 
subsequently been fused into a solid. Such powder can be 
processed for reuse for subsequent builds. 

Module 8 

P.2.4 Reconditioned 
Powder 

Powder that has been reclaimed from the build chamber and 
processed to improve its condition and enable powder reuse. 

Module 6 

P.2.5 Manufactured Part Part produced by AM and post-processed as specified by a D.4.6: 
Production Plan. 

Module 4 

P.2.5.1 As-Built 
Workpiece 

Workpiece as it is produced by the AM machine before heat 
treatments and/or finishing. 

Module 4 

P.2.5.2 Treated 
Workpiece 

Work in process part that has been heat treated to alter its 
metallurgy. 

Module 46 

P.2.5.3 Finished 
Workpiece 

AM produced workpiece that has been finished to improve its 
geometry and surface condition. 

Module 45 

P.2.6 Evaluated Product AM produced part that has been evaluated for conformance or 
production information. 

Module 9 

P.2.6.1 Measured Product AM produced part that has been measured for metrological 
characteristics such as dimensions, surface roughness, and 
topology. 

Module 9 

P.2.6.2 Inspected Product AM produced part that has been inspected for defects. Such 
inspection can include inspection of aesthetics, inspection of 
surface defects such as cracks, or volumetric inspection for 
internal voids.  

Module 9 

P.2.6.3 Tested Product AM produced part that has been tested to evaluate its material 
and/or mechanical properties. 

Module 9 

 
5 CAM in this model refers to any software used for toolpath generation and machine control instructions, not necessarily specific to 
manufacturing operations. Examples of non-manufacturing specific operations include the generation of CMM probe routines and other 
coordinate inspection systems. 
6 ASTM F3490 focuses on the AM part in its as-built state. Reference to the part in its treated and/or finished state may require further 
information. 
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P.3 Equipment Production resources including any attached or integrated 
sensors used to perform production activities. 

Module 5 & 
13 

P.3.1 PBF Machine Manufacturing equipment that fuses powder into solid products. Module 5 

P.3.2 Powder 
Equipment 

Equipment used to process powder for reuse. Such equipment 
can include sieves, blending and mixing equipment, and scales. 

Module 13 

P.3.3 Cleaning 
Equipment 

Equipment and consumables used to clean AM builds and 
products of powder, soot, and other dirt. 

Module 13 

P.3.4 Cutting Equipment Manufacturing equipment that can cut through metal. Examples 
include support removal tools, bandsaws, and wire EDM 
machines. 

Module 13 

P.3.5 Heat Treatment 
Equipment 

Equipment used to heat metal in a controlled environment 
(temperature, pressure, atmosphere, liquid media, etc.) to 
achieve desired metallurgical properties. Examples include a HIP 
furnace, argon gas, and dividers. 

Module 13 

P.3.6 Finishing 
Equipment 

Equipment used to improve the geometry and/or appearance of 
metal AM parts. Examples include mills, lathes, barrel finishing 
machines, polishing equipment and consumables, and abrasive 
blasting equipment. 

Module 13 

P.3.7 Metrology 
Equipment 

Equipment and instrumentation used to measure metrological 
characteristics of products. Examples include calipers, CMM 
machines, and profilometers. 

Module 9 & 
13 

P.3.8 NDE Equipment NDE equipment and instrumentation used to inspect the part 
volume and surface for defects. Examples include fluorescent 
penetrant consumables, x-ray CT equipment, and visual aids. 

Module 9 & 
13 

P.3.9 Testing Equipment Equipment and instrumentation used to perform material testing 
of products to determine some material property. Examples 
include universal testing machines, extensometers, and 
indentation machines. 

Module 9 & 
13 
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Appendix A. Abbreviations 

AM Additive Manufacturing 

CAD Computer-Aided Design 

CAM Computer-Aided Manufacturing 

CAPP Computer-Aided Process Planning 

CMM Coordinate Measuring Machine 

CNC Computer Numerical Control 

CSV Comma-Separated Values 

CT Computed Tomography 

EDM Electrical Discharge Machining 

HIP Hot Isostatic Pressing 

ICOM Input, Control, Output, Mechanism 

ID Identifier 

IDEF0 Integrated Definition for Functional Modeling 

MES Manufacturing Execution Software 

NDE Non-Destructive Evaluation 

PBF Powder Bed Fusion 

PDF Portable Document Format 

PLM Product Lifecycle Management 

QMS Quality Management System 

UMP Unit Manufacturing Process 
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Appendix B. IDEF0 Modeling Approach 

IDEF0 is a modeling language (syntax and semantics) and methodology. IDEF0 modeling provides 
a means to model the functions (activities, actions, processes, operations) required by a system 
and the functional relationships and data (information or objects) that support the integration of 
those activities [3]. The two primary modeling components are functions, represented on a 
diagram by boxes, and the data items (digital and physical entities) that relate to those functions, 
represented by arrows, as shown in Figure 13. 

 

Figure 13: Generic IDEF0 modeling components. 

The text in the box that represents a function typically takes the form of a verb-noun pair, for 
example, “Create AM Design”. There are five7 types of concepts represented by the arrows: 
Inputs, Controls, Outputs, and Mechanisms also known as ICOMs.  An input is the data, objects, 
or materials that are transformed by the function or activity [4]. Examples of inputs are CAD 
models and feedstock materials. Output is the result of the input being transformed by the 
function [4]. Examples of outputs are an AM build and sensor data. Controls are the conditions 
necessary for the function to produce the correct output [4]. Examples of controls are standards, 
specifications, and plans. Mechanisms are the means used by the function to transform input 
into output, examples include software, equipment, and personnel [4]. An input can be bundled 
as a control. Each function or activity must be provided a control and must produce an output 
[4].  

Each function is assigned an ID. The primary function ID for the entire system being modeled is 
referred to as A0. Functions and activities are decomposed into lower-level functions and 
activities that provide further specificity to the model. The functions at the first level of 
decomposition have IDs A1, A2, and so on. Decompositions typically do not have more than six 
activities. When activity A1 is decomposed, the subsequent activities will have IDs A11, A12, A13, 
and so on. Activities are decomposed to a level sufficient to create the required outputs for a 
system. ICOMs are too assigned an ID. The approach for identifying ICOMs in this model differs 
from the approaches suggested by ISO/IEC/IEEE 31320-1 [4]. As ICOMs in this model can change 
their type, each ICOM is assigned a unique ID that does not change even if the item’s type does. 
As an example, the D.4.1.1: Product Design data item is an output from A11 but also an input to 

 
7 Call references between IDEF0 models were not used for this application [4]. 
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A12 and A13. The data item itself is the same but its context is different, hence its ID remains the 
same throughout the model. Not all outputs from an activity necessarily become inputs to 
subsequent activities. Outputs can become controls or mechanisms. ICOM data items associated 
with an activity must be used with the activities of its decomposition. Such items can also be 
joined (bundled) or separated (unbundled). For example, a generic equipment mechanism can 
be separated into specific types of equipment or specific subcomponents of that equipment. It 
can also be bundled into a single equipment mechanism. This makes higher-level activities easier 
to read and leaves the details to the lower-level decompositions. Bundling outputs creates larger 
groupings of output from multiple types.   

IDEF0 modeling is not a flowchart, nor is there any temporal aspect to the modeling approach. 
The execution of activities is determined by the control type items. IDEF0 does not allow for 
modeling logical constructs such as “if-then” decision-making in the diagram, however, decision 
and logic can be modeled internally to a function based on its inputs, controls, and mechanisms 
[13]. IDEF0 allows for modeling at different levels of abstraction. Functions can be decomposed 
when further specificity is required. IDEF0 enables traceability from high-level abstract functions 
down to their associated lower-level decomposed functions. 


