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ABSTRACT

Additive Manufacturing (AM) is an innovative technology gaining interest across
various industries, including the Department of Defense (DOD). However, numerous
uncertainties regarding its efficacy and necessary technological improvements persist,
making AM a challenging alternative to traditional manufacturing methods. To address
these uncertainties, the tri-maritime service is exploring the value of AM by employing
an Additive Manufacturing Digital Twin (AMDT). This capstone design project focuses
on creating a DT framework that encapsulates the seven AM types in support of the DOD
AM strategy. The AMDT, developed in Magic System of Systems Architect (MSOSA),
follows the DOD digital engineering initiative by transforming traditional system
engineering approach to a Model-Based Systems Engineering (MBSE) one. The
deployed Additive Manufacturing Digital Twin Meta-Model (AMDTMM) will serve as a
centralized repository for current and future AM research, with a foundational framework
that can evolve into a full-fledged DT to ultimately enhance the tri-maritime service’s

ability to harness AM’s potential effectively.
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Executive Summary

Additive Manufacturing (AM), a groundbreaking and rapidly evolving technology, has
captured the attention of various industries, including the Department of Defense (DOD).
Commonly known as 3D printing, AM offers unparalleled flexibility and customization,
with potential benefits such as cost savings, reduced lead times, and improved sustain-
ability. However, uncertainties remain regarding the efficacy, integration challenges, and
required technological advancements for AM to become a viable alternative for the U.S.
tri-maritime service. To address these challenges, the tri-maritime service is exploring the
benefits of employing Digital Engineering (DE) to aid in the capability development, de-
ployment, and maintenance of AM technologies. This System Engineering (SE) capstone
project supports the tri-maritime service in their research by employing DE heuristics
to create an AM Digital Twin (DT) Meta-Model (MM) (Additive Manufacturing Digital
Twin Meta-Model (AMDTMM)). Collaboration between various stakeholders, such as re-
searchers, manufacturers, and decision-makers, is crucial for the successful development
and implementation of the AMDTMM, with the Naval Postgraduate School (NPS) and its
Consortium for Additive Manufacturing Research and Education (CAMRE) at the forefront

of evaluating AM potential usage in the tri-maritime service.

The CAMRE at the NPS aimed to develop a DT MM for AM using Model-Based
Systems Engineering (MBSE) and the Magic System of Systems Architect (MSOSA) sys-
tem modeling tool. This project commenced with a research phase centered on AM and
DT technologies, laying the foundation for the design process. The resulting AMDTMM
framework consists of a DT for seven different types of printers. To demonstrate how to use
the tool, an instantiation of the Xerox ElemX was developed. The framework is versatile,
modular, and scalable, designed to evolve with future contributions and support the ongoing

advancement of AM research and applications.

Through future collaboration with CAMRE and industry partners, the AMDTMM can
grow to encapsulate more AM printer instances. As more printer information becomes avail-
able and is incorporated into the model, the AMDTMM’s capabilities will further expand.
Potential future improvements include integrating external simulations and models, adding

information regarding time needed to print a part, environmental behaviors, maintainabil-

Xix
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ity concerns, and enhancing compatibility with the Internet of Things (IoT) to facilitate
data transfer between the physical and digital models. The AMDTMM offers a significant
opportunity for CAMRE and the tri-maritime services to better understand complex AM
system component functionalities and select the most adequate printer for specific purposes,
requirements, and environments. Its ongoing development and expansion will continue to

benefit the research community and support the advancement of AM technology.

XX
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CHAPTER 1

Introduction

This chapter defines the problem statement, objectives, system engineering process, and
the report structure for this System Engineering (SE) capstone project. Additionally, this
chapter explains the methodology the capstone project followed to develop the Additive
Manufacturing Digital Twin Meta-Model (AMDTMM) tool and how the model will be

used by stakeholders and future researchers.

1.1 Problem Statement
Additive Manufacturing (AM), a groundbreaking and rapidly evolving technology, has

captured the attention of various public and private industries, including the Department of
Defense (DOD). Commonly known as 3D printing, AM has the potential to significantly
transform the manufacturing sector by enabling cost-effective and efficient production. De-
fined as “the process of joining materials to create objects from 3D model data, usually
layer upon layer, as opposed to Subtractive Manufacturing (SM) methodologies, such as
traditional machining” [1], AM offers unparalleled flexibility and customization. Recog-
nizing the strategic importance of this innovation, the DOD developed an AM strategy to
provide guidance in harnessing this technology. The strategy highlights AM as “a rapid,
on-demand, and customizable manufacturing tool that enables the logistical and operational
reforms outlined in the Summary of the 2018 National Defense Strategy” [2]. The potential
benefits of adopting AM technology in the tri-maritime services could include cost savings,

reduced lead times, and improved sustainability.

In response to the transformative potential, numerous uncertainties remain regarding
the efficacy, integration challenges, and required technological advancements for AM to
become a viable alternative for the U.S. tri-maritime services. The tri-maritime service
is exploring the benefits of employing Digital Engineering (DE) to aid in the capability
development, deployment, and maintenance of AM technologies. Specifically, this cap-
stone project is aiding the tri-maritime services aim to create an AM Digital Twin (DT)

to identify and exploit the undetermined potential. This SE capstone project will sup-
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port the tri-maritime service in their research by employing DE heuristics defined by the
DOD to create an AM DT Meta-Model (MM). To successfully develop and implement
the AMDTMM, collaboration between various stakeholders, such as researchers, manu-
facturers, and decision-makers, is crucial. The Naval Postgraduate School (NPS) is a key
researcher and partner in AM technological integration, with their Consortium for Additive
Manufacturing Research and Education (CAMRE) being on the forefront in evaluating AM

potential usage in the tri-maritime service.

The U.S. Navy must assess and facilitate the replacement of tri-maritime components
on U.S. ships to keep up with the evolving technological landscape. Research is ongoing
to determine how AM can be deployed for the tri-maritime service following NPS’s AM
organization, CAMRE, recent experiment of Xerox ElemX 3D printer. As of July 18, 2022,
the Xerox ElemX 3D printer was installed on board the USS Essex (LHD 2), followed by
at-sea trials [3], marking a significant milestone in the integration of AM technology within
Naval operations. The ElemX 3D printer measures approximately nine feet long, four feet
wide, and seven feet tall, and reaches an internal temperature of over 1,500 degrees Fahren-
heit. It produces custom metal components that can be used to repair defective equipment
while underway [4], offering the potential to significantly enhance operational efficiency.
Figure 1.1 provides an example of what the ElemX looks like. In addition to arrangements
and spacing requirements, interfaces with supporting equipment and materials must also
be considered for AM implementation and processes on board ships. This includes, but is
not limited to, water-cooling, structural load, electrical power, wire spool, and replacement
parts. By addressing these challenges and leveraging the benefits of DE and DT, the Navy
can accelerate the adoption of AM technology, ultimately revolutionizing the manufacturing

sector within the maritime domain.
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Figure 1.1. XEROX ElemX 3D Metal Printer Source: [5]

The DOD’s DE Strategy describes DE as “an integrated digital approach that uses au-
thoritative sources of system data and models as a continuum across disciplines to support
life-cycle activities from concept through disposal” [6]. This definition permits the develop-
ment of models from conceptual design to disposal, as long as the data in the model comes
from trusted sources. The strategy also provides an outline to guide the planning, develop-
ment, and implementation of the digital engineering transformation across the DOD. [6].
In 2020, the Department of the Navy (DoN) introduced its own strategy, which shares
similar objectives with the DOD version. The DoN Strategy aims to “transform systems
engineering capabilities by using common, composable, interactive, model-based systems

to store and exchange data, models, and information within and across programs” [7]. The
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DoN strategy identifies five key objectives:

Formalize the development, integration, and use of models.
Establish a lasting authoritative knowledge source.
Leverage technological innovation to enhance engineering practices.

Create the supporting infrastructure and environments for DE practices.

A e

Cultivate a culture and workforce that embraces and supports DE throughout its life

cycle.

DE plays a crucial role in the development of a DT, which is essential for the advance-
ment of AM technology. Since the definition of a DT varies among leading researchers
and professionals, for the scope of this capstone project, the definition of a DT will be “a
model that helps stakeholders answer specific questions by providing a readily available,
rapidly testable digital analog to the system of interest” [8]. The research presented in this
document develops a DT for AM to support this definition and the DOD digital engineering
initiative, aiming to address the challenges and uncertainties surrounding AM technology.

The proposed AMDTMM is structured to serve as a DT template for AM. This
AMDTMM functions as a centralized repository for AM research, providing a modular
framework that can evolve into a comprehensive DT in the future. Moreover, the AMDTMM
tool applies the Model-Based Systems Engineering (MBSE) methodology using a tool
called Magic System of Systems Architect (MSOSA), which is essential for streamlining
the integration and adoption of AM DT into existing systems and processes. MSOSA is a
product line by Dassault Systems, offering the most robust standards-compliant including
Department of Defense Architecture Framework (DODAF) 2.0, Ministry of Defence Ar-
chitectural Framework (MODAF), NATO Architecture Framework (NAF) 3, NAF 4, and
Unified Architecture Framework (UAF) 1.0 via a UAF standardized solution [9]. MSOSA is
the de facto MBSE tool of choice for the DON via the Naval Integrated Modeling Environ-
ment (Naval IME), highlighting its importance in facilitating the adoption of AM DT across
various naval applications [7]. MSOSA relies on the Systems Modeling Language (SysML),
which is defined as, “a general-purpose modeling language designed to support the specifi-
cation, analysis, design, verification, and validation of complex systems,” [ 10] which makes

it ideal for modeling AM processes and equipment .
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1.2 Objectives

The objective of this study is to expand the current research performed in the DT AM
space and provide a centralized repository of curated data for stakeholders. This digital
expansion of 3D printing in conjunction with generating a MM will collectively provide
a single source of truth for the tri-maritime services and serve as a repository to store
and maintain models within the AMDTMM. By creating a DT for each 3D printer, the
physical and functional characteristics for each printer can be highlighted and shown in
various SysML diagrams. Performance data for each printer will have a designated section
in the AMDTMM for post-mission analysis. The expected outcomes of this project include
a more informed selection process for 3D printers, increased efficiency in deploying AM
technologies in the tri-maritime services and a foundation for further advancements in the
field.

Due to the complexity of developing a full operational DT, this capstone project will
focus on making a partial DT with the goal of creating the foundational model utilizing
DE strategies and heuristics to support the additional expansion. The overall intent of
the AMDTMM is to centralize the current research performed in the AM area of study
with the goal to facilitate both future works and provide accessibility to decision-making
stakeholders. The motivation for this research is to further the DE domain for AM to help
decision-makers select the right 3D printer for the war-fighter to bring on deployment. The
AMDTMM will collectively serve as a one-stop-shop for collected information related to

all instantiated 3D printers developed in the tool.

The Xerox ElemX 3D metal printer will be the first utilized AM printer that will be
incorporated into the AMDTMM and serve as the initial case study to demonstrate how a
3D printer can be instantiated using MSOSA. Previous work will be leveraged as much as
possible and used as a starting point for this project, and ideally, converted to a modular
component that can be integrated within the AMDTMM. The potential scalability of the
AMDTMM allows for the integration of additional 3D printers and AM technologies as

they become available.

Challenges were expected during the development of the partial DT, such as data
acquisition and research, model validation, and technology limitations. The team employed

strategies such as thorough literature reviews, expert consultation, and iterative model
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refinement to address these challenges. Consequently, the DT portion of the AMDTMM is
a partial DT due to the capstone design team not having immediate access to a Xerox ElemX
3D printer or any other 3D printer available to support data acquisition. Furthermore, this
DT is designed to be modular to allow for continued future development and research in
the DT space. Future development of the AMDTMM can be used to read in real-time data
to update and fine-tune each printer instance for more accurate results and live feedback on

performance.

The AMDTMM will be designed and developed within MSOSA, as it is the official
digital engineering tool of the Navy. Within the AMDTMM, the structure of the model
will be at the forefront of this design project to ensure the architecture supports the vari-
ous diagrams, views needed. This AMDTMM model consists of physical (structural) and
functional (behavioral) characteristics stored for different types of printers. The physical
data can include aspects such as the print bed, extruder, feeder, filament, frame, and display.
The functional data may encompass printer head position, average raw material used, tem-
perature differential control, time to print, maximum size, and/or quantity of part(s) being
printed, among others. The combination of both the physical and functional models will

collectively form the DT of that specific printer.

1.3 System Engineering Process

To successfully execute the planned project deliverable, the team implemented a tai-
lored SE approach. As part of the SE approach, the team performed an initial stakeholder
analysis by breaking down the initial CAMRE broad area research study proposal. The bulk
of this capstone design project is centered around a software-driven modeling effort, which
favors the use of the SE spiral model approach. However, given the time constraints on this
capstone project, the team incorporated elements of the Agile method, which favors rapid

iterative design [11], and modified the traditional spiral method as necessary.

The benefits of using a hybrid agile-spiral approach include faster development cycles,
better adaptation to changing requirements, and improved collaboration among team mem-
bers. This approach aims to strike a balance between the thoroughness of the spiral method
and the speed and adaptability of the Agile method, ultimately increasing the likelihood of a

successful project outcome. A detailed overview and comparison between SE processes can
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be found in Section 2.4: Systems Engineering Processes Review. By adopting this hybrid
agile-spiral approach and focusing on the structure of the AMDTMM, the team aimed to
efficiently develop a comprehensive and flexible model that can accommodate various types
of 3D printers, supporting the decision-making process for stakeholders and future research
in the AM domain.

1.4 Report Structure

In Chapter 2: Background and Literature Review, areview of prior work is discussed in
respect to the problem introduced in Chapter 1: Introduction. The literature review focuses
primarily on past NPS thesis and capstone projects on DTs as well as other relevant topics
to provide improved understanding of the technology and applications. Additionally, this

chapter investigates current capabilities of DTs both in the DOD and in industry.

In Chapter 3: Design and Development, the focus is on designing and developing
the architecture for the AMDTMM by building off the foundation of discussed in Chapter
1: Introduction, and Chapter 2: Background and Literature Review. This chapter begins
by introducing the stakeholders, then transitioning the stakeholder needs to requirements.
The AMDTMM functional and physical description is explained. The system decomposition
continues through to developing the AMDTMM framework, including functional allocation.

In Chapter 4: Implementation, Instantiations and User Guide, the functionality of
the AMDTMM is discussed along with a summary of use cases. How the user uses the
AMDTMM is answered along with showcasing a user guide that is built directly in the DT

meta-model.

Finally, Chapter 5: Recommendations and Conclusions covers recommendations for
the AMDTMM architecture and framework, including suggestions for areas of future work.
Additionally, this chapter serves as the conclusion of the report and a recap of the capstone

project.
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CHAPTER 2:

Background and Literature Review

This chapter serves to detail the review of previous work regarding the problem introduced
in Chapter 1: Introduction. It comprises of a review of journal articles, standards, and NPS
theses and capstones, focusing on what AM is, the novelty and complexity of DTs, and
contrasting different SE processes. The literature review covers four main topics: Section
2.1: The History of Additive Manufacturing, where the emphases is directed to the seven
main types of AM technologies and how AM is used in the DOD; Section 2.2: Digital Twin
Technological Capability, where DT are used for AM and developing DT in a MBSE envi-
ronment; Section 2.3: MBSE Frameworks, where three different frameworks are presented;
Section 2.4: Systems Engineering Processes Review, where the Vee, Waterfall, and Spiral

models are compared; and lastly a recap of the section is presented Section 2.5: Conclusion.

2.1 The History of Additive Manufacturing

AM is defined as “a process of joining materials to make objects from three-
dimensional model data, usually layer upon layer, as opposed to SM methodologies” [1].
In contrast, SM is defined as “making objects by removing material (e.g., milling, drilling,
grinding, carving) from a bulk solid to leave a desired shape” [1]. AM offers a novel and
unique alternative to traditional manufacturing approaches. The origins of AM can be traced
back to the 1960s, when researchers at Battelle Memorial Institute first attempted to cre-
ate solid objects using photopolymers and lasers [12]. However, the technology was not
sufficiently mature at the time, and it took until the late 1980s for the first commercially
available AM devices to emerge. These early AM devices utilized a technique called stere-
olithography, “which involves creating three-dimensional objects by solidifying thin layers
of ultraviolet light-sensitive liquid polymer using a laser” [12]. This groundbreaking tech-
nology paved the way for the technological revolution that has become modern-day AM.
Over time, AM technology has evolved and diversified, encompassing a variety of processes
and transforming traditional manufacturing by enabling the production of parts and prod-
ucts with greater efficiency, customization, and design freedom. The primary advantages of

using AM over traditional SM includes an abundance of benefits such as:
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o Rapid prototyping: AM allows for the swift creation of functional prototypes, signifi-
cantly reducing the time and cost associated with traditional manufacturing methods.

o Low-volume production: With its ability to produce small quantities of parts with
minimal waste, AM serves as an ideal solution for low-volume or customized pro-
duction.

o Complex geometries: AM enables the fabrication of intricate internal structures and
geometries that are otherwise unachievable with conventional manufacturing tech-
niques.

o Customization: AM facilitates the production of unique, tailored parts and products
designed to meet specific customer needs.

¢ Reduced tooling costs: By eliminating the necessity for expensive tooling and molds,

AM proves to be a more cost-effective option for small-scale production runs.

The academic article “3D Metal Printing Technology” [13] serves as a valuable refer-
ence and introduction to the field of AM. Focusing on metal printing technology, the article
presents an overview of “3D Printing technologies, materials, applications, advantages, dis-
advantages, challenges, economics and applications of 3D metal printing technology” [13].
It also introduces the two most well-known 3D metal AM processes - Powder Bed Fu-
sion (PBF) and Direct Energy Deposition (DED). A comprehensive comparison between
these two technologies, along with an informative overview of their critical components,
offers a strong foundation for understanding the intricacies of specifically metal AM printing

processes.

AM is transforming the manufacturing industry by offering new opportunities for
innovation, increased efficiency, and improved sustainability. While traditional SM methods
are still widely used, AM is expanding the capabilities and flexibility of manufacturing, and
is becoming an increasingly popular solution for a variety of applications. These benefits
have led the DOD to become interested in utilizing AM to enhance war-fighter capabilities.
A comprehensive AM strategy was developed, culminating in the formal DOD Additive
Manufacturing Strategy, released in 2021 by the Office of the Deputy Director for Strategic
Technology Protection and Exploitation. The strategy aims to incorporate AM into the
supply chain to improve mission readiness, reduce costs, and increase innovation [2]. Key

objectives from the DOD’s AM Strategy showcase the these benefits such as:
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1. Rapid Prototyping: The DOD aims to use AM to rapidly prototype and test new
designs and technologies, reducing the time and costs associated with traditional
manufacturing methods.

2. Sustainment: The DOD intends to use AM to produce replacement parts and compo-
nents on-demand, reducing the need for large inventories and improving supply chain
efficiency.

3. Supply Chain Resilience: The DOD is exploring the use of AM to create alternative
supply chains and reduce dependence on foreign suppliers.

4. Modernization: The DOD is investing in AM to modernize its manufacturing pro-
cesses and capabilities, enabling the production of more advanced and innovative

products [2].

The DOD is working with industry and academic partners to advance AM technology
and promote its adoption across all branches of the military. The strategy includes initiatives
to improve the training and education of DOD personnel in AM, develop and implement
AM standards, and invest in research and development to advance the technology [2].
Specifically, in the context of this capstone project, the tri-maritime services are exploring
the use of AM in shipboard applications. Overall, the DOD’s AM strategy recognizes the
importance of AM technology for national security and is actively pursuing initiatives to

integrate AM into the DOD supply chain.

2.1.1 Seven Types of AM Technologies

The technology used for AM continues to evolve rapidly, incorporating various mate-
rials and printing methods such as vat photopolymerization, PBF, binder jetting, material
jetting, sheet lamination, material extrusion, and direct energy deposition. Each 3D printing
method has advantages and disadvantages, including factors such as materials used, appli-
cations, challenges, costs, and overall implementation. Within the DOD AM Strategy, these
seven broad types of AM techniques are defined, which will be incorporated within this

capstone project’'s AMDTMM. These seven types of AM processes are listed in Figure 2.1.
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01. Binder Jetting
A liquid bonding agent is selectively deposited to join
D powder materials.

G

02. Material Extrusion

Material is selectively dispensed through a nozzle
or orifice.

G

03. Material Jetting
o ) Droplets of build material are selectively deposited.

04. Sheet Lamination

%° | Sheets of material are bonded to form a part.

l

05. Vat Polymerization
Liquid photopolymer in a vat is selectively cured
by light-activated polymerization.

06. Powder Bed Fusion
Thermal energy selectively fuses regions of a
powder bed.

07. Directed Energy Deposition

Focused thermal energy is used to fuse materials by
melting as they are being deposited.

CLE6

Figure 2.1. Seven industry recognized types of additive manufacturing pro-
cesses. Source: [2]

2.1.1.1 Binder Jetting

Binder Jetting is defined as, “an AM process in which a liquid bonding agent is
selectively deposited to join powder materials” [1]. This process is typically accomplished
by utilizing a print head to deposit a liquid binder material onto a powder bed, layer by layer,
to build a solid object. The liquid binder material adheres the powder particles together,
forming what is known as a green part, which are parts that have not undergone any post
processing and treatment [14]. In this state, the parts are structurally weak, porous and
sensitive, and in order to achieve the desired structural integrity, it is necessary to subject

the part to further processing, such as sintering or infiltration, to increase structural integrity.
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“A wide variety of materials including polymers, metals, and ceramics can be processed
successfully with binder jetting” [14]. An overview of the different components of the

Binder Jetting printing process is shown in Figure 2.2.

Liquid binder

Inkjet printhead
Powder roller

Powder bed
New powder
stock

Object

Build platform

Figure 2.2. Binder Jetting AM Process. Source: [15]

2.1.1.2 Material Extrusion
Material Extrusion is defined as, “an AM process in which material is selectively

13

dispensed through a nozzle or orifice” [1]. In material extrusion, “a spool of material,
typically thermoplastic polymer, is pushed through a heated nozzle in a continuous stream
and selectively deposited layer by layer to build a 3D object” [16]. The thermoplastic is
heated in a chamber until it becomes melted and is forced out of the nozzle, forming a
continuous filament. This melted material is then placed onto a build platform and the
print head moves over the platform, depositing the melted material as needed to construct
each layer [15]. Acrylonitrile Butadiene Styrene (ABS), Polylactic Acid (PLA), and Nylon
thermoplastics are commonly used in material extrusion, which is prized for its affordability,
ease of use, and ability to create parts with polished surfaces, making it one of the most
popular processes for hobbyist 3D printing. Two examples of material extrusion technology

are Fused Filament Fabrication (FFF) and Fused Deposition Modeling (FDM) [16]. An
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overview of the different components used in Material Extrusion can be found in Figure 2.3.

Material spool

Nozzle

Heater element

Object

Support material

Build platform

Figure 2.3. Material Extrusion AM Process. Source: [15]

2.1.1.3 Material Jetting

Material Jetting is defined as, “an AM process in which droplets of build material are
selectively deposited” [1]. This AM process creates objects like a traditional ink-jet printer.
Liquid photopolymer “material is jetted onto a build platform using either a continuous
drop on demand approach” through a small nozzle onto a build platform [17]. Using this
process, “material layers are then cured or hardened using ultraviolet light” [17]. Material
Jetting has several advantages, including the ability to produce highly detailed and accurate
parts, a wide range of available materials, and the ability to produce parts with multiple
materials and colors in a single build. However, the parts are brittle and have poor mechanical
properties [18]. An overview of the different components used in Material Jetting is shown

in Figure 2.4.
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Photopolymer

material Dissolvable support

material

UV light

Object
(cured)

Leveling blade J

Build platform

Nozzles

Object support

Figure 2.4. Material Jetting AM Process. Source: [15]

2.1.1.4 Sheet Lamination

Sheet Lamination is defined as, “an AM process in which sheets of material are bonded
to form an object” [1]. Sheet Lamination is an AM technology that utilizes Ultrasonic
Additive Manufacturing (UAM) and Laminated Object Manufacturing (LOM) printing
techniques. UAM makes use of “metal sheets or ribbons that are bound using ultrasonic
welding” [19]. However, additional machining is required and any unbound metal needs to
be removed during the welding process. On the other hand, “LLOM uses a similar layer-by-
layer approach, but instead of welding, it uses adhesive to bond paper layers together” [19].
During the printing process, a cross-hatching method is used to facilitate removal of the
object after the build is complete. LOM produced-objects are mainly used for aesthetic or
visual purposes and are not suitable for structural applications. Sheet lamination can utilize
sheet material that can be rolled, such as paper, plastic and a few sheet metals [19]. An
overview of the different components used in the Sheet Lamination process is depicted in

Figure 2.5.
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Figure 2.5. Sheet Lamination AM Process. Source: [20, Figure 2]

2.1.1.5 Vat Photopolymerization

Vat Photopolymerization is defined as, “an AM process in which liquid photopolymer
in a vat is selectively cured by light-activated polymerization™ [1]. Photopolymerization-
based 3D printing technology involves several different processes that all utilize the same
basic principle. This principle involves curing a liquid photopolymer, which is stored in a
vat or tank, using a heat source. By repeating this process layer by layer, a physical 3D object
is eventually created. There are multiple types of curing devices, with the original technique
using lasers. However, digital light processing projectors and Liquid Crystal Display (LCD)
screens are now commonly used for Photopolymerization due to their low cost and high
resolution. These two techniques have the advantage over lasers in that they can cure an
entire layer of resin at once, whereas lasers have to illuminate the whole surface by drawing
it [15]. An overview of the different components of the Vat Photopolymerization process is

shown in Figure 2.6.
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Curing device:
laser,
ultraviolet light,
digital screen,
LCD screen, ...

Y platform
Vat

]

Object
(cured)

Liquid
photopolymer

Figure 2.6. Photopolymerization AM Process. Source: [15]

2.1.1.6 Powder Bed Fusion

PBF is defined as, “an AM process in which thermal energy selectively fuses regions
of a powder bed” [1]. PBF is a highly precise 3D printing technology that can generate
a wide range of complex shapes by fusing particles of powder layer by layer using a heat
source, typically a laser or electron beam [15]. The different types of PBF include Selective
Laser Sintering (SLS), Selective Laser Melting (SLM) also known as Direct Metal Laser
Sintering (DMLS), Electron Beam Melting (EBM), and Multi Jet Fusion (MJF). SLS lasers
merge powders, while SLM and DMLS only uses this method for metal components. EBM
is similar to SLS, but uses less energy and has less residual stress, making it ideal for
high-value industries such as aerospace and defense. MJF uses an inkjet array instead of a
laser to apply fusing and detailing agents, which are then solidified into a layer, allowing the
production of lifelike objects with improved resolution [15]. An overview of the different

components of Powder Bed Fusion is shown in Figure 2.7.
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Figure 2.7. Powder Bed Fusion AM Process. Source: [15]

2.1.1.7 Directed Energy Deposition

DED is defined as, “an AM process in which focused thermal energy is used to fuse
materials by melting as they are being deposited” [1]. The DED process uses focused thermal
energy to fuse and deposit materials layer by layer to create 3D parts. It primarily uses
metal powders or wire source materials. Other names for DED include, “laser engineered
net shaping, directed light fabrication, direct metal deposition, Laser Deposition Welding
(LDW), and 3D laser cladding” [15]. DED not only allows for building new parts, but also
repairing components. These 3D printers are industrial machines that require a controlled
environment and consist of a nozzle attached to an arm that deposits melted material onto
the part [15]. There are various DED techniques, including LENS (laser-based), Aerosol Jet,
Electron Beam Additive Manufacturing (EBAM), and LDW, each with its own capabilities
and limitations [15]. An overview of the different components of Directed Energy Deposition

is shown in Figure 2.8.

18

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



Material spool

Electron beam

Material wire
supply

Object

Material wire

Build platform

Figure 2.8. Directed Energy Deposition AM Process. Source: [15]

2.1.2 Use of Additive Manufacturing in the DOD

The DOD has been interested in AM due to the vast potential in benefiting the tri-
maritime services. The study titled “Navy Expeditionary Additive Manufacturing (NEAM)
Capability Integration” [21] focuses on current and future use of AM technologies within
the DOD. This research examines the capability of the 3D printing systems available
in the market and a selective approach of the system for each Navy ship category or
existing environment. This analysis includes material and printing methods used, such as
vat photopolymerization, PBF, binder jetting, material jetting, sheet lamination, material
extrusion, and direct energy deposition. The research also considered the number of parts
being printed, as well as finishing quality, with a focus on the maintainability and usability

of the system.

The Navy recently installed a 3D printer, the Xerox ElemX, onboard the Wasp-class
amphibious assault ship Essex during the Rim of the Pacific (RIMPAC) 2022 event, which
was located at Joint Base Pearl Harbor-Hickam, Hawaii [22]. The purpose of this installation
was to test the new printing technology at sea [22]. This exercise aimed to demonstrate the
potential for sailors to print and replace defective, worn, or damaged ship parts anywhere in

the world. The general manager of Xerox quoted, “The military supply chain is among the

19

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



most complex in the world and putting the ElemX on USS Essex means that sailors can now
bypass that complexity and print parts when and where they need them” [22]. Successful

implementation of this new process could significantly benefit the tri-maritime fleet.

A thorough understanding of the environmental behaviors and capabilities of AM is
essential for the successful implementation of 3D printers on maritime vessels. In order to
combat these environmental behaviors, there needs to be a way of comprehending the effects
of the expected operational environment on the usability of printed components. Maritime
vessels are exposed to both man-made and natural environmental factors that can impact the
performance and quality of 3D-printed parts. For example, man-made environmental effects
include vibrations, temperature fluctuations, shock, and angle-of-list. These performance
impacts can result from events such as weapons launches, vessel maneuvering, dive/surface
angles (for submarines), or vibrations caused by onboard machinery, such as running engines
or motors. Natural environmental effects encompass sea motion, which can vary from calm
to rough depending on current trends and weather conditions. Nonetheless, both man-
made and natural environmental effects should be analyzed and, when applicable, mitigated
concerning their implications for the use of 3D printers and the quality of the finished printed
parts. By addressing these factors, the implementation of AM technology on maritime
vessels can become more viable and effective, contributing to the overall efficiency and

success of shipboard operations.

2.2 Digital Twin Technological Capability

DT technology has the potential to be an effective tool in modeling and simulation due
to its cost-effective simulation of complex systems that would otherwise be expensive to
implement. DTs are used heavily in fields such as building design, manufacturing system
design, and automotive design, among others. This capstone project intends to capital-
ize on the efficacy of DT by creating a modular AMDTMM. To assist in the design of
this AMDTMM, the capstone team conducted research on pertinent scholarly articles and

previous CAMRE capstone design projects.

The research article “Digital Twin for Additive Manufacturing: A State-of-the-Art” [23]
examines the present utilization of DT within the AM industry. Zhang et al. address the

existing challenges in additive manufacturing, such as the time and cost required to produce
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high-quality parts with desirable mechanical properties. DT is proposed as a solution to
mitigate these issues in future development and research. The article’s objective is to review

the ongoing work in the AM DT domain.

Similarly, the report “Building Blocks for a Digital Twin of Additive Manufactur-
ing” [24] focuses on the quality and defects of printed parts, aiming to support a DT
manufacturing process that predicts variables affecting the structure and properties of the
parts being printed. These variables include temperature, cooling rate, solidification param-
eters, and metal deposit geometry. Understanding how these variables affect part quality
could improve 3D metal printing processes and reduce the percentage of defective parts
produced by AM.

The article “The Use of Digital Twin for Predictive Maintenance in Manufactur-
ing” [25] showcases a DT model used to calculate the Remaining Useful Life (RUL) of
machinery equipment. The authors explain the process of gathering data for modeling and
simulation, using machine controllers and external sensors. A case study is presented to
demonstrate the functionality of their design approach. Successful DT strategies can pro-
vide significant benefits to the user. The benefits of a successful implementation of the DT
concept are already visible in other industries and include benefits ranging from process
improvement, tighter cost control, more accurate production forecast. Some early examples
of DT implementation happened in the year 1970 when NASA engineers used a simulator,
a DT of the command system, and a separate DT of the electrical system to save Apollo 13
astronauts. This successful implementation of the DT facilitated the process and reduced

the process to under two hours and saved the lives of the three astronauts on board [26].

The articles mentioned prior provide a solid foundation for the capstone design team
to understand DT and their applications. However, they fall short in accurately representing
AM printers, such as the Xerox ElemX printer, and lack a focus on the application of DTs
in military contexts. The missing military contexts presents an opportunity to extend the
research to the tri-maritime fleet through the development of this AMDTMM. Overall,
the literature on DTs demonstrates their potential to significantly enhance efficiency and,
consequently, reduce costs. By adopting this technology within the additive manufacturing

space, substantial return on investment can be achieved for the tri-maritime services.
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2.2.1 Digital Twin for Additive Manufacturing

DT implementation offers significant benefits, including reduced costs and downtime
by enabling on-site part production, eliminating the need for third-party suppliers or waiting
for availability and shipment. Providing an organization the capability of rapidly producing
replacement components can result in shorter overall system repair times, which ultimately
increase mission readiness. DTs help decrease uncertainty related to the final printed prod-
uct’s quality. Using data collected from a physical AM’s lifetime functioning, the DT allows
sailors to simulate various printing scenarios, selecting the one with the highest fidelity. This
cost-effective process minimizes waste from traditional AM processes. Furthermore, DTs
are environmentally friendly due to their efficiency, eliminating the need for a designated

area for defective printed parts.

The article “Case for Digital Twins in Metal Additive Manufacturing” [27] provides
an in-depth analysis of AM, outlining its capabilities and limitations. It presents DTs as
a valuable and secure simulation model that guides decision-makers in determining when
a system should be examined and employed for various scenarios. A notable limitation
of AM is its single-scenario usage at a given time. To address this, the DT model is
developed using collected data, field experiments, sensor-monitored critical parameters,
and a feedback loop for continuous improvement and learning. The use of a DT model
helps prevent inconsistencies related to the final product quality, allowing decision-makers

to simulate different production scenarios and implement their preferred choice.

The article “Scalable Digital Platform for the Use of Digital Twins in Additive Man-
ufacturing” [28] discusses the operation of an AM system, emphasizing the benefits and
drawbacks of the manufacturing process. Moreover, the article highlights the variability of
the AM process as a primary incentive for introducing the DT concept to optimize compo-
nent production. The digital platform is defined as “ a network of manufacturing equipment,
data storage systems, and computation capabilities” [28]. The authors also employ rela-
tional databases as storage for metadata during implementation, while data is stored within

indexed file systems.

The development of DT for AM is ongoing since both technologies have not reached
their full potential yet. From the articles discussed, one can see that initial development of

the combined technology of AM and DT have been primarily in academia. Although the
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articles discuss the application of DT for AM by highlighting the advantages, disadvantages,
capabilities, limitations, and variances, they lack a DT model of a 3D metal printer, such
as the Xerox ElemX, which presents a valuable case study for this capstone team to build

upon.

2.2.2 Fusing DT with MBSE

MBSE can play a significant role in the advancement of DT design by providing a
structured and systematic approach to developing and designing complex systems. The
International Council on Systems Engineering (INCOSE), the governing body of MBSE,
defines MBSE as “the formalized application of modeling to support system requirements,
design, analysis, verification and validation activities beginning in the conceptual design
phase and continuing throughout development and later life cycle phases” [29]. One area
in which DTs can benefit from a MBSE developmental approach is in inclusion of iter-
ative development cycles. Iterative development is a crucial aspect of MBSE, promoting
continuous improvement and refinement of system designs. Engineers can test and validate
their designs at various stages, identifying issues and potential improvements early in the
development cycle, which can reduce the risk and impact of potential redesign. Additionally,
MBSE encourages the creation of reusable and scalable models, which can be leveraged for
similar or related systems, increasing efficiency, reducing development time, and improving

knowledge management.

The successful integration of MBSE principles into a DT design enables stakeholders
to effectively simulate and analyze various aspects of the systems they represent. MBSE
supports traceability and integration, linking system elements, requirements, and design
decisions throughout the system’s lifecycle. The integration of core MBSE concepts can
help identify and manage dependencies, as well as mitigate potential risks and challenges.
MBSE allows for the simulation and analysis of system behavior, performance, and other

key attributes, leading to data-driven decision-making and optimization.

This fusion of MBSE and DT technologies fosters increased synergy, leading to opti-
mization, enhanced understanding, and overall technological advancement. In the context
of this capstone research project, the team will concentrate on the relationship between
MBSE and DT development, integrating the two to develop the AMDTMM. By focusing on
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this relationship, the project aims to contribute valuable insights and findings to the grow-
ing body of knowledge surrounding DT design and implementation in various industries,

particularly AM.

To begin bridging the gap between MBSE and DT design, the capstone team leveraged
existing work done in this research domain, specifically, the CAMRE-sponsored capstone
project “Architecture for a CBM+ and PHM Centric Digital Twin for Warfare Systems” [30].
This capstone design project focuses on integrating MBSE with digital analysis to provide
printer health status and improve maintenance aspects by transitioning from time-based
maintenance to condition-based maintenance. A Direct Metal Laser Melting (DMLM) 3D
printer was utilized to identify pertinent data for the DT architecture. The team further
developed both black box and white box representations of the 3D printer, facilitating the

formulation of perspectives and scenarios within the DT.

The research article, “Requirements and a Meta Model for Exchanging Additive Man-
ufacturing Capacities” [31], guides the reader through the process of drafting requirements
for constructing a meta-model for exchanging additive manufacturing capacities. The report
outlines the criteria for screening potential stakeholders to interview, the process of select-
ing questions to ask during the interview, and the methodology employed for analyzing the
collected data. The article concludes by presenting the resulting set of requirements for ca-
pacity exchange and a schematic of the meta-model for exchanging additive manufacturing

capacities.

In alignment with the MBSE approach throughout the development of the project, the
team will utilize the research article co-authored by Professor Douglas Van Bossuyt, titled
“Operationalizing Digital Twins Through Model Based Systems Engineering Methods” [8],
as a foundation to establish a proper system engineering process and MBSE approach. The
article examines the application of a DT for analyzing, “a live system’s performance, re-
liability, suitability, remaining usable life, or other factors that stakeholders may deem
necessary during initial system fielding” [8]. Additionally, the article underscores the ben-
efits of DTs in preventing component failure, as simulations can provide a realistic view of
system performance. The aforementioned articles emphasize the importance of MBSE, as it
constitutes a crucial aspect of this project. This capstone project focuses on demonstrating

the application of an MBSE process during the development of a project using the MSOSA
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modeling tool.

2.2.3 Data Analysis and DT Model

The works listed above equip the team with the necessary background and foundational
information required for the development of this capstone project. The selected reports
serve a specific purpose in facilitating the understanding of DT, AM, and their intersection.
However, a crucial aspect of DT technology not yet addressed is the significance of data
in the entire AMDTMM. Data, in the context of this the AMDTMM, is defined as SysML
structure, behavior or requirement elements and diagrams along with the collection of
human readable performance information from sensors onboard the physical AM printer,

simulation results (not run in Cameo), and SysML activity results (run in Cameo).

In an article published by Forbes, titled “Care and Feeding of Digital Twins: How to
keep good data flowing” [32], Andy Bane emphasizes the importance of data in DTs. He
asserts that companies should seek vendors with strong partnerships and notes that orga-
nizations are increasingly utilizing powerful analytical tools to expedite DT development
and enhance effectiveness with contextualized and governed metadata. Ensuring accurate
metadata results in more reliable and easily maintainable analytics, ultimately leading to
improved operations. Bane further explains that the data captured by industrial informa-
tion management systems now could be used later to examine and enhance the system’s
efficiency [32]. However, it is essential to provide the DT with relevant, contextual data
to generate the most useful and accurate insights. This capstone project will take these
considerations into account, integrating the importance of data quality and governance in
the development of the AMDTMM.

2.3 MBSE Frameworks

While developing the AMDTMM, the capstone team researched the most common
MBSE frameworks to use as a focal point in designing the DT. The team understood that
the AMDTMM needed to be flexible enough to encompass the seven types of printers, as
mentioned in Section 2.1.1: Seven Types of AM Technologies, yet rigid enough to support a
consistent arrangement of aggregate information for each of these types. The team inspected
the feasibility of adopting the UAF, the DODAF, and the MagicGrid framework to fulfill this
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need. The following subsections provide a brief description of each framework, highlighting
the advantages one may have over the others.

23.1 UAF

The UAF is essential in addressing the growing need for architecture-based decision-
making in various sectors, as they adopt architecture-based digital engineering transfor-
mations. This change enables smooth information sharing across enterprises. UAF is a
versatile and commercially-focused architecture framework derived from the Unified Pro-
file for DODAF and MODAF, which allows stakeholders to focus on particular aspects of an
enterprise while preserving an overarching perspective of the entire system. UAF accommo-
dates the “business, operational and systems-of-systems integration needs of commercial
and industrial enterprises as well as the U.S. DOD” [33]. Utilizing UAF, users can create
architectures for diverse complex systems (comprising hardware, software, data, personnel,
and facilities), maintain coherence in system-of-systems architectures, facilitate the analysis,
specification, design, and verification of intricate systems, address cybersecurity analysis
and risk reduction, and improve architectural information exchange between SysML-based
tools and those reliant on other standards [33]. An illustration showing the different views

supported by this framework is shown in Figure 2.9.
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Figure 2.9. Unified Architecture Framework (UAF). Source: [34]

2.3.2 DODAF

The DODAF is a framework developed by the U.S. DOD to facilitate the creation
and management of enterprise architectures [35]. DODAF enables managers at all levels
within the Department of Defense (DOD) to make well-informed decisions by promoting
an “organized information sharing across the department, Joint Capability Areas (JCAs),
mission, component, and program boundaries” [36]. The DODAF framework comprises
eight viewpoints and fifty-two models. DODAF offers a standardized structure for creating,
“architectural views and capturing and presenting architectural data that supports systems
engineering and the sharing of technical information among stakeholders across systems of
systems and the DoD Enterprise” [36]. Figure 2.10 provides a visual representation of the

various viewpoints supported by DODAF.
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Figure 2.10. DOD Architecture Framework (DODAF). Source: [35]

2.3.3 MagicGrid

The MagicGrid MBSE framework employs a modular, grid-based approach to model
complex systems [37]. This framework presents a visual representation of both the system
and its individual components, allowing for a multifaceted analysis that offers stakehold-
ers various perspectives on the system in question. MagicGrid facilitates the integration
of multiple models and simulations, resulting in a comprehensive understanding of the
system’s behavior and architecture. Furthermore, the framework supports the identifica-
tion of relationships between system components and the management of system design
and development. The grid-based approach of MagicGrid delivers a clear and organized
method for modeling complex systems. An illustration displaying the different views and

their interrelationships within the MagicGrid framework is shown in Figure 2.11.
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Figure 2.11. MagicGrid Framework for MBSE. Source: [37]

2.4 Systems Engineering Processes Review

The successful implementation of following a SE process throughout the project’s
development is crucial in determining its success. SE processes are designed to guide a
development team in executing tasks traced to stakeholder needs and transforming those
tasks into tangible and executable requirements that help build a robust and desirable
deliverable. The SE process consists of several steps that enable project developers to
ensure proper stakeholder identification, clear and concise design requirements, and the
development of the system architecture during the project’s initial phase. There are multiple
approaches to the system engineering method, including the VEE model approach, the
Spiral model, and the Waterfall model. The following subsections offer a brief description
of each method, as the team conducted a study to determine the most suitable approach for

this project.

29

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



2.4.1 Vee Model

The traditional VEE model is widely used across industries, particularly within the
DOD, serving as the foundation for most government Program of Record (POR) project
development plans. Many variations of the VEE model exist in articles and books, but
they all originate from the original VEE model developed by Forsberg and Mooz [38].
As illustrated in Figure 2.12, the VEE model resembles the letter “V,” with the left-hand
side representing the project definition component of system design, and the right-hand
side encompassing the project test and evaluation phases. The middle section of the VEE
Model highlights the continuous testing process throughout development, ensuring that
system components meet the specifications detailed in the system requirements document.
Nonetheless, the VEE model requires testing to be conducted after the requirement and
architecting of the design, which presents a limitation to the team’s design approach for the
AMDTMM. The traditional VEE model’s inflexibility and rigidity make it less suitable for
software-oriented projects, such as this capstone design model, despite its strengths in large

system design projects.

(d) “Vee” Process Model

Testing

Figure 2.12. SE Process: VEE Model. Source: [38, Figure 2.5 (Sheet 2)]
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2.4.2 Waterfall Model

The waterfall model, introduced by Winston Royce in the 1970s, was initially em-
ployed for software development [38]. This model comprises a series of sequential steps
or phases for system engineering or software development, following a linear progression.
The structure dictates that one step must be completed before the next can begin, ensuring a
clear and well-defined path for project progression. Contradictory to its linear progression,
it lacks the ability to iterate each step. A feedback loop is only present at the start and end as
shown in Figure 2.13. Applying this process to this capstone project would have been chal-
lenging due to the constraints and limitations inherent to the project. The waterfall model,
while offering a clear structure, lacks the flexibility required to accommodate changes or
evolving requirements that may arise during the project’s development. This rigidity may re-
sult in difficulties addressing unforeseen challenges or incorporating stakeholder feedback,

ultimately affecting the project’s success.

(b) Waterfall Process Model

Requirements
Analysis
‘ Design '—‘
[Imp’lcmcntationh
‘ Test ‘—‘
‘ Maintenance I

Figure 2.13. SE Process: Waterfall Model. Source: [38, Figure 2.5 (Sheet 1)]

31

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



2.4.3 Spiral Model

The spiral process model for the development life cycle, introduced by Boehm in 1986,
offers a flexible and risk-driven approach to system development. This model is an adaptation
of the waterfall model, but the spiral process does not direct the use of prototypes [38]. The
spiral model incorporates features from other models, such as feedback loops and iterative
development, allowing for continuous improvement and adaptation throughout the devel-
opment process. As illustrated in Figure 2.14, in a spiral model, development progresses
through several phases, with each phase culminating in the creation of a new prototype
build. These iterative phases enable the incorporation of lessons learned and stakeholder
feedback, ensuring that the final product or system is more closely aligned with needs and
expectations. A key strength of the spiral model is its adaptability in response to changes
in requirements. In the event of requirement changes, this process model enables system
designers to perform risk assessments and make informed decisions with the stakeholders
before transitioning to the next design phase. This built-in flexibility makes the spiral model
particularly well-suited for projects rapidly innovating with evolving technologies or uncer-
tain requirements, as it allows for ongoing adjustments and improvements throughout the

development cycle.
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Figure 2.14. SE Process: Spiral Model. Source: [39, Figure 1.9]

2.5 Conclusion
In Chapter 2: Background and Literature Review, a comprehensive literature review

summarizes the history of AM, the benefit of adopting DTs design, and a comparison of
different types of SE processes. This research lays the foundation upon which the capstone
design team can begin developing the AMDTMM. The literature covered provides pertinent
information that will be used in Chapter 3: Design and Development, which will be employed
to supplement the SE capstone project. Despite the vast research covered, the research falls
short in linking the integration of all these topics by not converging the use of DT specifically
for AM in a MSOSA environment with the initial AM DT of the Xerox ElemX. This SE
capstone will expand the current research performed in the DT AM space and provide a

centralized repository of curated data for stakeholders. This digital expansion of AM in
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conjunction with generating a meta-model will collectively provide a single source of truth
for the tri-maritime services, and the broader DOD, to serve as a repository for storing and
maintaining DTs within the AMDTMM framework.
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CHAPTER 3:

Design and Development

This chapter explains the design and development approach used to create the AMDTMM.
Stakeholder needs, expectations, and development goals are discussed along with a complete
requirement analysis used to translate the stakeholder into top-level requirements and then
eventually into system requirements. The development of the underlying architecture used
to create the AMDTMM is discussed, including profile development in MSOSA and the
DT framework. Finally, a summary of the chapter is provided to showcase the development

aspects and how the team developed the AMDTMM tool in a timely and efficient manner.

3.1 Overview

This capstone design project followed a systems engineering approach, employing a
tailored version of the spiral model to streamline the software development process. The first
step in the team’s development of the AMDTMM tool involved conducting a stakeholder
needs analysis based on the broad area research on DT, presented by NPS, which set the
foundation for this capstone project. The stakeholder needs generated in the previous step
were then used to develop a set of top-level requirements, which were further decomposed
into system requirements. A preliminary architecture for the AMDTMM template was

developed using the output from these steps.

From this point on, the process followed an iterative approach in line with the tailored
spiral model. The team’s design process consisted of identifying necessary capabilities,
developing the functionality in MSOSA, and finally testing for performance and valida-
tion. Although this phase of development was continuous, it considered the physical and
functional architecture of metal 3D printers, serving as the adaptive framework to inte-
grate with external models. Furthermore, the underlying methodology used to architect
the AMDTMM was developed, showcasing the use of MSOSA profiles and the team’s

developed DT framework.
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3.2 System Engineering Development Process

After evaluating various system engineering approaches, the capstone team opted for
a tailored version of the spiral development model as shown in Figure 3.1. This customized
hybrid agile-spiral approach simplified the development of the MSOSA model while fa-
cilitating the integration of stakeholder feedback throughout the entire development cycle.
This iterative process allowed the team to generate an initial set of requirements based on
feedback from the project advisor(s) and CAMRE representatives. Additional requirements
were developed by examining the CAMRE broad area research study and extracting further
stakeholder needs and capabilities. As the model evolved and the team better defined its

capabilities, requirements were modified and incorporated within the model.

Intermediate
release points Specify
—-—_——-—_‘
Evaluate
CQ Design
Test Qﬁ
Build
Integrate

Figure 3.1. SE Process: Hybrid Agile-spiral Model. Source: [11, Figure 1.5]

3.3 Stakeholder Identification

The first step during the initiation of any project is to understand who the stakeholders
are and what their varying levels of responsibility, accountability, and impact are to the
overall project. Although this might not seem important at first, knowing each stakeholder’s

wants and needs from their perspective can help the developers immensely during the entire
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system development process. Stakeholders can be formally defined as “individuals and
organizations who are actively involved in the project, or whose interests may be positively
or negatively affected as a result of project execution or successful project completion” [40].
Common examples of stakeholders in engineering projects include project managers, end-

users, team members, suppliers, operators, and sponsors.

Stakeholder analysis is crucial for defining engineering project requirements and align-
ing them with the needs and expectations of all involved parties. By utilizing various tech-
niques and tools, stakeholder analysis aids the capture of expectations from stakeholders
related to the project. Ultimately, effective stakeholder analysis is key for a successful project
and ensuring that the product delivered meets the stakeholders’ needs [40]. A stakeholder
analysis was conducted for the AMDTMM to identify stakeholder needs, roles, influences,
issues, and concerns. The information gathered from this analysis was used to define the sys-
tem’s requirements and to understand and document stakeholder expectations. The primary

stakeholders identified for this project are NPS, CAMRE, and the tri-maritime service.

CAMRE was the sponsoring activity for this research into DT within AM. Existing
research has been performed by CAMRE within the AM branch of study, which was provided
to the capstone team. The main focus of the research was to assess a DT AM usefulness to

support the U.S. tri-maritime services in their missions.

3.3.1 Stakeholder Needs

Identifying and understanding stakeholder needs is a critical phase in any SE project.
Stakeholder needs provide the foundation for generating decomposed top-level and system
requirements. The capstone team utilized the provided CAMRE broad area study as an initial
stakeholder description of needed capabilities. The CAMRE broad area study is depicted in
Figure 3.2. Key objectives from the broad area study was colorized to emphasize important

details related to the capstone effort.
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DT TES——
CAMRE Broad Area Study

=Research Summary: Building on FY22 work by systems engineering capstone students where a partial digital
twin of a laser sintering 3D printer was constructed, we will develop a 3D printer digital twin template that can
be modified to represent any digital twin in the tri-maritime services fleet. We will use the Xerox ElemX printers
as an initial case study. There may be a number of potential uses for the digital twin such as capturing data from
the ElemX printers, comparing between different ElemX instantiations for analysis purposes, conducting
mission analysis using the ElemX digital twins, and other uses that have not yet been identified. Further,
information on individual 3D printed part builds can be captured within the ElemX digital twins or companion
3D printed part digital twins. This may be useful for verifying and validating printed parts as fit for purpose and
meeting necessary quality standards for use. Further, this information can be used in maintenance databases and
similar. The ElemX digital twins can also store research and development information, simulations, etc. from the
NPS CAMRE funded research efforts.

=The main question to be answered is: how can 3D printer digital twins support the tri-maritime services, and
what is a suitable digital twin design?

=We expect to follow this research plan:
1)Update existing 3D printer digital twin literature review
2)Develop notional 3D printer digital twin framework building upon existing partial 3D printer digital twin
implemented in CAMEO/MSOSAS (the defector standard systems engineering software used by the Navy)
3)Develop the ElemX digital twin
4)Collect data from the ElemX printer and input it into the digital twin

5)Investigate at least one digital twin application such as verifying and validating 3D printed parts or
maintenance information or similar

Figure 3.2. CAMRE Broad Area Study

Given the CAMRE broad area study, the team then transitioned the summary into each
needed capability by thoroughly decomposing and breaking down the summary. Addressing
interrogative questions such as who, what, where, when and why was used as a way to
further understand the primary functions needed. This approach aids in understanding the
primary functions required by the model to best meet the stakeholder’s required capability.
The elements defined by these questions played a crucial role in the development of the
AMDTMM project. The capstone team formulated high-level objectives, which are depicted
in Figure 3.3.
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Decomposed Broad Area Study

What our project is helping solve:
= “How can 3D printer digital twins support the tri-maritime services, and what is a suitable digital twin design?”
= The DT meta-model will act as a repository to maintain, reference, and update all AM products supporting the fleet.
= Qur team will research and provide a schema for what academia and industry converge upon for an appropriate DT
design
» Leveraging prior research work and recent advancements in the DT space
How we are solving the problem:
= “we will develop a 3D printer digital twin template that can be modified to represent any digital twin in the tri-maritime

services fleet.” “Develop notional 3D printer digital twin framework building upon existing partial 3D printer digital twin
implemented in CAMEO/MSOSAS “

= After gathering 3D printer characteristics, a generalized 3D printer template in Cameo will be developed

= The generalized 3D printer template will represent the shared functionality between all types of 3D printers; independent of
material, footprint, technology, etc. being used.

» Unique profiles and attributes will be created in Cameo; with specific enumerations when necessary
= Instantiations from the generalized 3D printer can be created for each type of 3D printer.
= Will leverage existing SE capstone research on 3D printers to import specifications into Cameo.
= Each instantiation will be provided with a framework to follow
Why we are developing the meta-model:
““uses for the digital twin such as capturing data from the ElemX printers, comparing between different ElemX instantiations

for analysis purposes, conducting mission analysis using the ElemX digital twins, and other uses that have not yet been
identified.”

= Due to the ElemX being at the forefront of interested 3D printers by the Navy, our team will develop the DT of the
ElemX.

= Typically, the DT structure will be a representative performance model/simulation, a reliability/maintenance model, and
historical sensor data

Figure 3.3. Decomposed Broad Area Study

The decomposed broad area study proved to be a valuable asset that the team ref-
erenced throughout the AMDTMM development. With this initial understanding of the
functionality that the AMDTMM needed to perform, the team developed five stakeholder

needs statements:

1. DT Template: Develop a 3D printer digital twin template that can be modified to
represent any digital twin in the tri-maritime services fleet.

2. Instance of Xerox ElemX: Provide the ability to create instances of any 3D printer and
use the Xerox ElemX printer as an initial case study.

3. Capture Data: Capture data from the ElemX printers.

4. Model Management: Create central repository for models.

5. Printer Comparison: Comparing different printers for analysis purposes.
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These five stakeholder needs were also created in MSOSA, as shown in the SysML
requirement table in Figure 3.4. It is important to note that it was a customer requirement
to use MSOSA for the AMDTMM development. Thus, the team intuitively captured the
stakeholder needs in MSOSA due to the provided traceability ability needed to flow down
stakeholder needs to top-level and system requirements effectively. Furthermore, SysML
requirement attributes such as ID, name, text, and documentation were used to adequately

capture the stakeholder needs digitally.

# Id £ Name Text Documentation

Develop a 3D printer digital twin template that can CAMRE Research Summary
1 SN-1 [’ SN-1 DT Template be modified to represent any digital twin in the

tri-maritime services fleet.

Provide the ability to create instances of any 3D CAMRE Research Summary
2 |SN-2 [’ SN-2 Instance of Xerox ElemX printer and use the Xerox ElemX printer as an initial

case study.
3 SN-3 [’ SN-3 Capture Data Capture data from the ElemX printers CAMRE Research Summary
4 |SN-4 [’l SN-4 Model Management Create central repository for models CAMRE Research Summary
5 |SN-5 [’ SN-5 Printer Comparison Comparing different printers for analysis purposes CAMRE Research Summary

Figure 3.4. Stakeholder Needs Table

3.4 Requirements Decomposition

Requirement analysis is an essential process in the field of systems engineering, as it
involves examining the previously defined stakeholder needs and effectively transforming
them into requirements that are necessary, achievable, measurable, and verifiable. Through-
out this process, requirements are synthesized in order to sufficiently define and bound the
capabilities that meet the stakeholder’s needs. This section presents the requirements for the
AMDTMM, which are organized into two distinct levels: top-level requirements and sys-
tem requirements. Top-level requirements are characterized by their high-level, generalized
nature and are subsequently refined into more specific, detailed system requirements that
pertain to individual aspects of the system’s capabilities. The following subsections provide
a summary of the decomposing and tracing stakeholder needs into top-level requirements
and system requirements. The tractability from parent requirements to child requirements

is illustrated in Figure 3.5.
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Figure 3.5. Requirement Tractability Matrix

3.4.1 Top Level Requirements

Top-level requirements are focused on the capability of the DT to fulfill the stakeholder
need as discussed in Section 3.3: Stakeholder Identification. These top-level requirements
helped the team understand the objectives that the AMDTMM needed to provide. A total
of seven top-level requirements were defined based on the stakeholder need analysis. The

seven top-level requirements are:

1. TLR-1: The DT meta-model shall provide the user the ability to:
* Create new printer instantiations

* Modify existing DT instantiations
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* Duplicate existing DT instantiations
* Delete existing DT instantiations
2. TLR-2: The DT meta-model shall develop a framework that is suitable to the tri-
maritime service fleet.
3. TLR-3: The DT meta-model shall receive 3D printer data (i.e. from inboard sensors).
4. TLR-4: The DT meta-model shall create an instance of a partial DT for the Xerox
ElemX printer.
5. TLR-5: The DT meta-model shall maintain and organize models.
6. TLR-6: The DT meta-model shall provide the user to view different printers attributes
concurrently.
7. TLR-7: The DT meta-model shall adhere to the United States Navy and Marine Corps
Digital Systems Engineering Transformation Strategy, signed 10 June 2020.

Similar to the stakeholder needs, the top-level requirements were brought into MSOSA
and traced to stakeholder needs. Six of the seven top-level requirements were traced to
stakeholder needs using the SysML relationship <derived from> relationship, while the last
one was traced to a standard using the <conforms to>. Figure 3.6 illustrates how a SysML

requirements table diagram shows this traceability in MSOSA.

# Id 2 Name Text Derived From Conforms To
The DT meta model SHALL provide the user tt [’ SN-1 DT Template
to: [Rl SN-2 Instance of Xero

1 TR-1 B TLR-1TLR 1 e create new printer DT instantiations

« modify existing DTs instantiations
 duplicate existing DTs instantiations
 delete existing printer DT instantiations

The DT meta-model SHALL develop a framework [&l SN-1 DT Template
that is suitable for the tri-maritime services fleet.

The DT meta-model SHALL receive 3D printer data. [&l SN-3 Capture Data
For example, from on-board sensors.

The DT meta-model SHALL create an instance of a [’l SN-2 Instance of Xero
partial DT for the Xerox ElemX printer.

The DT meta-model SHALL maintain and organize [®l SN-4 Model Manager
models.

2 TR-2 B TLR-2TLR 2
3 TLR-3 B TLR-3TLR3
4 TLR-4 f2 TLR-4TLR 4

5 TLR-5 & TLR-5TLRS

The DT meta-model SHALL provide the user the [&l SN-5 Printer Compari

6 TLR-6 E’& TLR-6TLR 6 ability to view different printers attributes
concurrently.
The DT meta-model SHALL adhere to The United The United States Navy
States Navy and Marine Corps Digital Systems and Marine Corps Digital
Engineering Transformation Strategy, signed 10 June . .

4_ 2020. ! Systems Eng‘meenng
7 TLR-7 & TLR-7TLR7 Transformation Strategy,
signed 10 June 2020)

Figure 3.6. Top Level Requirements Table
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3.4.2 System Requirements

The last decomposition of requirements is identifying system requirements for the
AMDTMM. The system requirements are focused on the particular capabilities that the
AMDTMM must adhere to. The benefit of developing system requirements is to capture
performance criteria in a testable format. A total of eleven system requirements were derived

from the seven top-Level requirements defined as:

1. SR-1: The system shall provide an interactable GUI
2. SR-2: The system shall allow the user to navigate to any existing instantiation of a 3D
printer loaded into the system .
3. SR-3: The system shall allow entry of numerical data from 3D printers.
4. SR-4: The system shall provide the ability to create new DT instantiation that follows
a predetermined template.
5. SR-5: The system shall provide the capability to modify existing 3D printer DT
parameters.
6. SR-6: The system shall provide the ability to duplicate existing 3D printer DT instan-
tiations. This includes all data parts of existing 3D printer DT.
7. SR-7: The system shall be capable of deleting existing 3D printer instantiations from
meta-model repository.
8. SR-8: The system shall use Cameo Systems Modeler (CSM) as the SysML. MBSE
tool to develop the DT meta-model.
9. SR-9: The system SHALL provide the ability to develop SysML diagrams.
10. SR-10: The system SHALL be capable of storing external data within each DT
instance.
11. SR-11: The system SHALL incorporate the Xerox ElemX as the initial DT instance

within the DT meta-model.

The system requirements were generated and imported into MSOSA, similarly to
how the top-level requirements were. The system requirements were labeled with identifiers
using a traditional nomenclature and taking advantage of the traceability offered by MSOSA
with the <derived from> relationship. Each system requirement was traced to a top-level

requirement, as shown in Figure 3.7.
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Id 2 Name Text Derived From
1 SR-1 2 SR-1SR1 The system SHALL provide an interactable GUI. =k TLR-5 TLR 5
. The system SHALL allow the user to navigate to any existing TLR-6 TLR 6
2 SR-2 L SR-2SR2 instantiation of 3D printer loaded into the system. TLR-5 TLR 5
. The system SHALL allow entry of numerical data from 3D printers. TLR-1TLR1
3 SR-3 o] -3SR3
& SR-3 TLR-3 TLR 3
. The system SHALL provide the ability to create new DT fEs TLR-1TLR 1
- @ SR-
4 |SR-4 2 5R-45R 4 instantiations that follow a predetermined template.
The system SHALL provide the capability to modify existing 3D BBy TLR-1TLR 1
- £ -
3 |SR-5 & SR-53R5 printer DTs performance data.
The system SHALL provide the ability to duplicate existing 3D fEs TLR-1TLR 1
6 SR-6 & SR-6SR6 printer DT instantiations. This includes all data part of the existing
3D printer DT.
The system SHALL be capable of deleting existing 3D printer B TLR-1TLR 1
- G SR_
7 SR-7 & SR-75R7 instantiations from meta-model repository.
' The systern SHALL use CSM, as the SysML MBSE tool, to develop By TLR-7 TLR 7
8 SR-8 £ SR-8SR 8 the DT meta-model.
9 SR-9 & SR-9SR9 The system SHALL provide the ability to develop SysML diagrams. TLR-7TLR 7
The system SHALL be capable of storing external data within each TLR-5TLR 5
10 |SR-10 £ SR-10SR10  |pTinstance. TLR-2 TLR 2
. The system SHALL incorporate the Xerox ElemX as the initial DT [Es TLR-4 TLR 4
- o} - [
11 |5R-11 £ 5R-115R11 instance within the DT meta-model.

Figure 3.7. System Requirements Table

3.5 AMDTMM Tool Development

During the initial stages of model architecture development, the team developed a
high-level system overview, which was essential in identifying the various components of
the AMDTMM system architecture. As illustrated in Figure 3.8, there are four main areas
that influenced the development of the AMDTMM architecture. These include identify-
ing existing AM work, developing the AMDTMM in MSOSA, standards, and researching
AM printer characteristics. The following subsection will describe the development of the
AMDTMM in MSOSA, emphasizing the underlying schema used and modeling methodol-

ogy.
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Stakeholder

Existing Additive Additive Cameo Model Standards
Manufacturing Manufacturing SysML

work Digital Twin
e Meta-Model
:l— Modular

= \ / Framework
Types of 3D Printers @ Template

m\‘ / Researched 3D printer
Model Repository Characteristics
HEEEmERELL * Easily accessibly GUI
* Store/Access models & data Functional & Physical
I\} attributes
Shmudations i | Instance | Create Generalized “

" L.e. Xerox ElemX e

3D Printer Stereotype “

Figure 3.8. High-level System Overview

3.5.1 Profile Development

The initial phases of development for the AMDTMM led the team to create two pro-
files within MSOSA. One profile would support the development of custom stereotypes
for requirements, while the other would facilitate the development of unique elements for
the seven types of AM printers. The team was aware that due to the inherent nature of
using profiles, the main AMDTMM would import the profiles with "read-only" privileges.
This approach was employed to ensure that no user could accidentally change or mod-
ify the underlying element definitions within the AMDTMM tool itself. However, if any
modifications to the stereotypes were needed in the future, one could simply open the
individual profiles in MSOSA, implement the changes, and update the AMDTMM tool
accordingly. This open architecture style was deemed beneficial by the team, and although
it took longer to implement, developing this concept, later on, would be much more tedious

and time-consuming.
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3.5.1.1 Requirements Profile

The team aimed to integrate concepts used in standardizing MSOSA models, partic-
ularly those in the DOD. One of the initial challenges faced was capturing requirements
appropriately in the AMDTMM and determining if a standard existed. As mentioned in
Chapter 1: Introduction, the DON Digital Transformation strategy established the Naval
IME to help federate and standardize model development by providing schemes, templates,
and methodologies. The Naval IME’s Requirements Profile was of particular interest to the
team given the similarities. Due to the team’s prior experience with the Naval IME Require-
ments Profile and the unavailability of the Naval IME during AMDTMM development, a
scaled-down version of the profile was created. However, if the Naval IME Requirements
Profile needs to be integrated in the future, it can be done by removing the AMDTMM’s
unique profile and replacing it with the Naval IME’s, since the underlying development

approach established could easily adopt the new profile.

There are three types of custom requirement elements available in the AMDTMM tool,
which are known as system requirement, top-level requirement, and printer requirement.
The system requirement element was created for the development of the AMDTMM tool to
identify specific requirements as shown in Section 3.4.2: System Requirements. The top-level
requirement element was created to distinguish requirements traced from stakeholder needs
to top-level requirements as previously shown in Section 3.4.1: Top Level Requirements.
Lastly, the printer requirement element was designed to follow the AMDTMM framework.
All three types of requirements were built by extending the underlying SysML extended

requirement class, as illustrated in Figure 3.9.
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Profile Diagram Requirement Profile[ Requirement Proﬁle])

«stereotype»
extendedRequirement
[Class]

aftributes
-source : String
-risk : RiskKind = Medium

-verifyMethod : VerificationMethodKind= Test

?
«stereolype» «ste reot}/pe» «stereot\l(pe» E
System Requirement Top Level Requirement Printer Requirement
[Class] [Class] [Class]
attributes aftributes attributes
+Framework applicable : Boolean = false +ConformsTo : String -source : AttachedFile{redefines source}

«Customization» N

Printer Requirement

«Customization»

possibleOwners = (=]Block

Figure 3.9. Custom Requirements Profile

The three types of requirement classes incorporate additional new attributes. The
system requirement class includes a framework applicable attribute, of Boolean type, to
determine if a system requirement was applicable to a framework. The top-level requirement
class features a conforms to attribute, of string type, allowing traceability from top level
requirements to a governance or standard documents. Finally, the printer requirement class
has a source attribute, of attached file type, to indicate the origin of the requirement. If
the file containing the printer requirements is imported into the AMDTMM tool (e.g., a
PDF file), the printer requirement element’s source attribute can link the requirement to its
origin. This approach helps bridge the gap between traditional “paper-based” methods and
a more modern “digital” strategy, all being accomplished within the AMDTMM tool.
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3.5.1.2 AM Profile

Following the same philosophy as used when developing the requirements profile, the
AM profile was created to identify the seven printer types from the DOD AM Strategy,
which were Binder Jetting, Material Extrusion, Material Jetting, Sheet Lamination, Vat
Polymerization, Powder Bed Fusion, and Directed Energy Deposition as unique elements
in the AMDTMM tool. However, unlike the requirements profile rational, there was no
federated or standard way to model AM processes using MSOSA. Nonetheless, the team
used the same heuristics as in the requirements profile in the AM profile by extending the
SysML block element as illustrated in Figure 3.10. This created the AM printer stereotype.
The AM printer stereotype provided the ability to add common attributes to each printer
stereotype before identifying the seven unique printer stereotypes. The AM printer added
four new attributes: manufacturer, part number, build volume, technology type, and print
bed. Next, all seven printer types were created by extending the AM printer and its associated
new attributes. It is noted that the technology type attribute was added as a default value
for each of the seven types of printers to correspond with the printer type. For example,
the binder jetting stereotype was set a default value of “binder jetting” to technology type.
Furthermore, the seven customizations, one for each printer type shown in Figure 3.10,
enable the ability to change the element icon picture and allow the element to be selected

in MSOSA’s drop down menu when creating new elements.
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Profile Diagram AM Profile[ «stereotype» < «Customization» %
Binder Jetting Binder Jetting Property
[Class] «Customization»
attributes customizationTarget = & Binder Jetting
+Technology Type : Types of Printers [1] = Binder Jettingredefines Technology Type} hideMetatype = true
possibleOwners =
«stereotype» (28 Package
Material Extrusion Block
— Cl
[Class) «Customization» BN
«stereotype» attributes 5 f
Block +Technology Type : Types of Printers [1] = Material Extrusionredefines Technology Type} el Extrusion Property
Property Technology Type I Extrusion] «Customization»
[Class] «stereotype» @ E%st:/lmlzﬁytlonﬁtrget = (I Material Extrusion
attributes q . ideMetatype = true
+isEncapsulated : Boolean [0..1] Material Jetting ibleOwners =
[Class] ackage
attributes lock
-base_Class : Class
+'Il-'echnoléslgy:ype : Types of Printers [1] = Material Jettingredefines Technology Type} «Customization» %
+Laser : Blocl g .
+UV Light Subsystem : Block gatsii=lstting|Rroperty
Vv - «Customization» ]
«stereotype» - «stereotype» :%st:/lmltzatlonTatrget = (L Material Extrusion
AM Printer Sheet Lamination ; eA (i = it
ki possibleOwners =
[Class] [Class]
attributes attributes
+Manufacturer.: String [1] +Technology Type : Types of Printers [1] = Sheet Laminatior{redefines Technology Type} showPropertiesWhenNotApplied = true
+Pa.rt Number : Integer [1]
+Build Volume: ValueProperty [1] «stereotype» & «Customization» &N
:;:i?gc:gg_é&ie - Types of Printsrs [1] Vat Polymerization Sheet Lamination Property
= [Class] «Customization»
attributes customizationTarget = (I*)Sheet Lamination
+Technology Type : Types of Printers [1] = Vat Polymerizationredefines Technology Type} | | hideMetatype = true
possibleOwners =
«stereotype» @ ackage
Powder Bed Fusion lock
Cl.
[Class] «Customization» BN
attributes iy ati
+Technology Type : Types of Printers [1] = Powder Bed Fusion[readOnly redefines Technology Type} Rademerization
«Customization»

> customizationTarget = (& Vat Polymerization

«stereotype» @ "
" - < hideMetatype = true

Directed Energy Deposition oo

[Cless) Package
- attributes Block
«valueType» = +Technology Type : Types of Printers [1] = Directed Energy Deposition{redefines Technology Type}
Types of Printers izati
e «Customization» BN Eestonizations BN
Binder Jetting N . Powder Bed Fusion
Material Extrusion Directed Energy Deposition
Material Jetting Cust ti «Customization»
«Customization» A = ) A

Sheet Lamination customizationTarget = > Directed Energy Deposition g%st:ﬂmltzatlontatrget Powder Bed Fusion
Vat Polymerization hideMetatype = true ide ‘ble %t&.)e = [US
Powder Bed Fusion possibleOwners = possibleOwners =
Directed Energy Deposition Package
N Block

Figure 3.10. Custom AM Profile

3.5.2 AMDTMM Framework

One of the initial steps in developing a model is to understand the various factors
that must be included to ensure that the AMDTMM accurately reflects the physical AM
system. The framework of the AMDTMM should account for requirements of each printer

type, providing the ability to capture the printer’s capability and performance. Additionally,
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the framework should incorporate the hierarchical structure of the physical AM system,
which entails creating a hierarchy representation of subsystems and parts within the printer.
Furthermore, the DT needs to mimic the behavior of the physical system by capturing
simulation results from other modeling tools and even SysML behavior diagrams of the
printer. Lastly, the framework should include parameters of the printer as measured data
off physical sensors on the printer. To offer a more comprehensive overview of the model
framework, Chapter 4: Implementation, Instantiations and User Guide will focus on the
development of one particular printer, the Xerox ElemX. The image depicted in Figure 3.11
illustrates the framework used in the AMDTMM tool.

AMDTMM FRAMEWORK

REQUIREMENTS STRUCTURE BEHAVIOR PARAMETERS
(Specification) (Physical) (Functional) (Performance Data)

Figure 3.11. AMDTMM Framework

3.5.2.1 Requirement

The first cornerstone of the AMDTMM framework is the Requirements. Within the
Requirements section of the AMDTMM Framework, the user is greeted with a system
requirements content diagram that functions as an overview page to hold all generated
views of the AM requirements, along with any notes and pertinent information, as shown
in Figure 3.12. The default views provided are system requirements table, ready to add
printer requirements as discussed in subsubsection 3.5.1.1, and a system requirements
traceability matrix, built to show the satisfy relationship from requirements to SysML
blocks (when developed as part of the printer structure). Although these are the default
views, the AMDTMM tool would permit for additional views to be created as necessary.
Within the system requirements table, the user can either add new printer requirements, or
for a more advanced look, change the scope within the table to show requirements from

multiple printers. The user can also add in specification documents of the printer to the
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repository. In the system requirements traceability view, the user is offered similar flexibility
to either search existing traceability matrices or to create a SysML<satisfy> relationship to

trace structural elements that satisfy each individual requirement.

=[] 1. Requirements
5 Satisfy Tracability
E‘E Specification Reguirements
System Requirements

[ 2. Structure

[ 3. Behavior

[ 4. Parameters

(a) AMDTMM Framework: Requirement Repository

Content Diagram 1. Requirements [ System Requirements ]J

System Requirements

View Summary

System Requirements Table ; . :
‘ou can use the System Requirements view to

list a summary of the printer technical

R specifications. After analyzing the system

ﬂ requirements, you can trace system requirements

to subsystems or components.

«RequirementTable»
Specification Requirements

System Requirements Traceability

S

Satisfy Tracability

(b) AMDTMM Framework: System Requirements Overview Page
Figure 3.12. Handling Requirements Under the AMDTMM Framework

3.5.2.2 Structure
Continuing with the AMDTMM framework, the next pillar of the framework is the
Structure. Unique structures were created for each of the seven types of AM printers, offering
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a high-level distinction between their various subsystems. An example of the structure built
in the containment tree along with the system structure overview page developed is illustrated
in Figure 3.13. This structure established in the framework can be further developed in the
future to define individual subsystems and components of the specified printer. Within the
Structure view, an AM printer’s physical architecture can be decomposed into subsystems,
which are represented as blocks. These subsystem blocks can be assigned specific properties.
The relationships between these blocks are also defined, illustrating how each block interacts

with one another to form the encapsulating system.

7 1. Requirements

[ 2. Structure

I— 2| Hierarchy of System and Subsystems
=] System Structure

I—[= CPU Subsystem

— =] Enviromental Monitoring Subsystem
—[=] Heated Nozzle Subsystem

I —[=] Human Interface Subsystem

I—[£] Material Container Subsystem
—[=] Pneumatic Control Subsystem

- [=] Power Subsystem

—[=] Print Area Subsystem

L= Print Head Subsystem

B[ 3. Behavior

B[ 4. Parameters

(a) AMDTMM Framework: Structure Repository

Content Diagram 2. Structure [ [:=] System Structure ])

System Structure

H View S
Architecture of System Rt ry
The System Structure view helps you define High-Level Solution
t% Architecture (HLSA).
Hierarchy of System and Subsystems The HLSA model specifies all the subsystems of the system

under design in a single-level hierarchy. The HLSA model also
specifies interfaces, to determine how these subsystems
inter-operate with one another and integrate as a whole.

(b) AMDTMM Framework: System Structure Overview Page
Figure 3.13. Handling Structure under the AMDTMM Framework
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3.5.2.3 Behavior

The next pillar of the AMDTMM framework is the Behavior, which is used to char-
acterize individual system functionality. Behaviors are specific to the overall printer and/or
specific functions that make up the printer. The Subsystem Behavior view allows the user
to visualize system behavior either through SysML diagrams, such as activity, sequence,
and state machine diagrams, or by importing results from external stochastic analysis tools
like MATLAB and ExtendSim into the AMDTMM. The external files can also live directly
inside the AMDTMM tool, which provides the benefit of allowing the system behavior
overview to serve as a method of configuration management as shown in Figure 3.14.
Furthermore, behavior models built inside MSOSA have the added benefit of running sim-
ulations and against test cases to generate objective quality evidence that the requirements

are being satisfied.

Ii‘| 1. Requirements
[ 2. Structure
1 3. Behavior

L= Subsystem Behavior
[ 4. Parameters

(a) AMDTMM Framework: Behavior Repository

Content Diagram 3. Behavior [ Subsystem Behavior ]J

Subsystem Behavior

View Summary

The Subsystem Behavior view allows you to
describe the behavior models that should satisfy
functional system requirements. Using the
capabilities of the modeling tool, these models
can be executed against test cases to give the
verdict on whether these functional requirements
are satisfied or not.

(b) AMDTMM Framework: System Behavior Overview Page
Figure 3.14. Handling Behavior under the AMDTMM Framework
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3.5.2.4 Parameters

The final component of the AMDDTMM framework is the Parameters. Similar to
the system behaviors, parameters are specific to each individual AM printer. Within the
System Parameters content diagram, printer-specific data views can be uploaded to the
AMDTMM, as seen in Figure 3.15. Stakeholders and end users can customize the parameter
views as needed, incorporating external modeling and simulation results into the repository.
Some examples of data that were compiled to demonstrate the model’s capability include
the ElemX print head acceleration, provided to the capstone team by CAMRE. Further
discussion on the ElemX Parameters is discussed in Chapter 4. Once the model is deployed,
end users can continue to add additional modeling and simulation data to the AMDTMM

parameter section.

7 1. Requirements

7 2. Structure

7 3. Behavior

[ 4. Parameters

':F‘_‘| Example Measured Data 1
System Parameters

[THAHFH

(a) AMDTMM Framework: Parameter Repository

Content Diagram 4. Parameters [ System Parameters ])

System Parameters

View Summary

The System Parameters view helps
capture quantitative characteristics of
the system under design. They satisfy
non-functional system requirements and

M easure d SYSte m d ata are based on measurements of
effectiveness.
— |

4. Parameters

] Example Measured Data 1

(b) AMDTMM Framework: System Parameters Overview Page
Figure 3.15. Handling Parameter under the AMDTMM Framework
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3.6 Conclusion

In Chapter 3: Design and Development, a detailed overview of the development ap-
proach used to create the AMDTMM was showcased, which will be used to instantiate DTs
in Chapter 4: Implementation, Instantiations and User Guide. The development started with
a stakeholder needs analysis that evolved into a complete requirements analysis, decom-
posing stakeholder needs into top level requirements and system requirements. Using the
tailored systems engineering approach, which was iterative by design, the team’s develop-
ment process consisted of identifying necessary capabilities, developing the functionality in
MSOSA, and testing the implementation to see if it was suitable for the proposed DT design.
During the development process, a requirements profile and an AM profile was created along
with a unique DT framework which served as the underlying schema in the AMDTMM tool.
Coupling the AM and requirements profiles with the AMDTMM framework produced the
DT design suitable for the capstone team’s interpretation of the objectives of the capstone

project.
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CHAPTER 4

Implementation, Instantiations and User Guide

This chapter outlines the use of the AMDTMM tool for instantiating different printers
by following the detailed framework. The Xerox ElemX was the first AM DT printer
instantiated using the AMDTMM tool, followed by the Concept M2 Series-5 printer. This
chapter provides an overview of the AMDTMM usage, including pre-developed templates
and navigation of the containment tree within the tool. Additionally, a user guide was
developed to streamline the learning process for users adopting the AMDTMM.

4.1 Using the AMDTMM

There are two main use cases for utilizing the AMDTMM tool. The first involves
adding a new printer type DT instance to the AMDTMM repository within one of the
seven predefined printer types. The second primary use of the AMDTMM is to view or
make changes to an existing printer DT already in the repository. Changes may include
updating, modifying, deleting or expending existing printer information in the repository
as it becomes available from resources or data gathered from experiments. To facilitate
users learning how to use the AMDTMM efficiently, a user guide was built directly within
MSOSA and illustrated in Appendix B: AMDTMM User Guide.

One of the initial findings when implementing the AMDTMM was the need for orga-
nizing each DT instance of printers in the model, including the corresponding framework.
The team settled on a hierarchy of SysML packages to organize and structure each DT by
the type of printer. The AMDTMM Containment Tree is the primary method of navigating
throughout the model and serves as the organizational structure that contains all of the
model’s contents. It also provides a visual of the different packages, elements, diagrams,
etc. contained in the AMDTMM tool. Through the containment tree, users can navigate
throughout the model and reach the desired printer DT. The seven types of printers shown
inside the red box in Figure 4.1 show the categorizing approach used in organizing the
printer DTs. This organization approach is intuitive and yet adheres to the DOD’s AM
Strategy. Furthermore, after development of the AMDTMM, the team created a landing
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page, outlined in blue in Figure 4.1, as a way to mimic a traditional cover page and executive

page in a report.

E-[E AMDTMM
~7 Relations
-1 AMDTMM Tool
.2~ Relations
B[ *Start Here*
[ 1. Binder Jetting
- 2. Material Extrusion
BH 3. Material Jetting
— 4. Sheet Lamination
5.
6.

- Vat Polymerization

BH Powder Bed Fusion

[ 7. Directed Energy Deposition
(=] AMDTMM Overview )

B[ Capstone Development Domain
B[ AM Profile [AM Profile.mdzip
E[=y Requirement Profile [Requirement Profile.mdzip
L & Code Engineering Sets

Figure 4.1. AMDTMM Containment Tree - Overview

oooor

The landing page is an important part of the model, as it provides an upfront overview
of the entire model and provides helpful links that encapsulate the overall purpose of the
AMDTMM tool. This landing page, illustrated in Figure A.4 in Appendix A, functions as the
centralized hub of the tool and provides the user with an overview of currently instantiated
DTs, which have been currently developed and modeled while providing an overview of
the project. An area to point out on the landing page is the bottom seven packages. These
packages will dynamically expand when new DT printer instantiations are added to the
AMDTMM tool, making the landing page a versatile resource showing new additions in
the AMDTMM tool.

When adding a new printer DT to the AMDTMM tool, the team provided a template
to facilitate the integration of the DT framework for each of the seven types of AM. In
order to provide this template, the team created seven unique “start here” packages that
allow the user to copy and paste as a starting point when developing a new DT instantiation.

The developed template provides the necessary framework, SysML elements, and diagrams
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needed while providing a way to standardize the data being brought into the AMDTMM
in an organized fashion. Figure 4.2 illustrates how the containment tree is organized with
the blue box outlining the seven AM types and the cyan box outlining the pre-developed
generic framework of AM type Material Jetting, as an example.

E-E AMDTMM

-~ Relations

=[] AMDTMM Tool

«» Relations

=[] *Start Here*

[ Copy&Rename-1. Binder Jetting Start

[ Copy&Rename-2. Material Extrusion Start
] Copy&Rename-3. Material Jetting Start |
« Relations

£ 1. Requirements

7 2. Structure

£ 3. Behavior

£ 4. Parameters

L & Material Jetting Start )
B[ Copy&Rename-4. Sheet Lamination Start
B[ Copy&Rename-5. Vat Polymerization Start
B[] Copy&Rename-6. Powder Bed Fusion Start
@]—F‘_‘| Copy&Rename-7. Directed Energy Deposition Start
—[7 1. Binder Jetting

[ 2. Material Extrusion

B[] 3. Material Jetting

[ 4. Sheet Lamination

[ 5. Vat Polymerization

B[ 6. Powder Bad Fusion

—[7 7. Directed Energy Deposition

=] AMDTMM Overview

B[ Capstone Development Domain

B-Fg AM Profile [AM Profile.mdzip

B[y Requirement Profile [Requirement Profile.mdzip

L £ Code Engineering Sets

Figure 4.2. AMDTMM Containment Tree - Seven Pre-Developed Templates

4.2 Xerox ElemX Instance

As described earlier in Chapter 1: Introduction, the Xerox ElemX was used as an initial
case study and first DT instance in the AMDTMM. The team created an instantiation of the
ElemX based on information gathered from CAMRE and from online sources covered in
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Chapter 2: Background and Literature Review. Taking into consideration limited resources
for available information on the Xerox ElemX, the instantiation is considered partial and not
complete, but still covers the four pillars of the AMDTMM framework. The intent is that it
will serve as a foundation medium for future CAMRE work for not only the Xerox ElemX,
when available, but for other 3D printer DTs to further describe aspects not already covered
in the AMDTMM tool. Specifically, the Structure, B ehavior and Parameter sections can
be further refined with more information, data and experimentation-provided insight and
measured data from Subject Matter Experts (SMEs).

When first creating a DT for the Xerox ElemX, the ElemX was matched with one
of the seven 3D printer types defined by the DOD AM Strategy. Based on the AM
Strategy, the Xerox ElemX best fit the type of Material Jetting. The next step in creating an
individualized printer instance is to use the pre-developed DT shown in blue in Figure 4.3
and copy the “Copy&Rename-3. Material Jetting Start” package to the light blue package
called “3. Material Jetting.” Once there, rename the elements and packages inside the
“Copy&Rename-3. Material Jetting Start” to the ones shown in the red box. Once complete,

the outline and instance for the Xerox ElemX has been developed.
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Figure 4.3. Xerox ElemX Instantiation Using the Pre-Developed Template

4.2.1 Requirements (Specification)
The first pillar of the AMDTMM framework is focused on printer specifications and
requirements. To build this section out comprehensively, it was essential to gather as much

information, as made available, from the printer manufacturer (Xerox) and existing specifi-
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cations from on-line resources. The requirements section in the framework allows the user
to upload documents into the model, providing not only Objective Quality Evidence (OQE),
but overall traceability to the specifications that were generated and imported into the Xerox
ElemX instantiation within the AMDTMM. The team collaborated with CAMRE to further
gather specific documentation on the Xerox ElemX and learned about the printer’s behavior
and periodic maintainability. The Xerox ElemX system specifications data-sheet served as
the primary reference for the requirements generated, with supplemental requirements being
generated from the Xerox ElemX Customer Packet. Table A.1 in Appendix A presents the
MSOSA SysML requirements table exported from the AMDTMM for the Xerox ElemX.
Although Table A.1 only depicts the four columns for ID, name, text, and source, the SysML
requirements table can show other attributes inherited by the printer requirement stereotype,
as discussed in Section 3.5.1.1: Requirements Profile. Traceability from the Xerox ElemX’s
requirements to the SysML blocks using the satisfy relationship were also generated and

depicted in Figure A.1 in Appendix A.

4.2.2 Structure (Physical)

The second pillar of the AMDTMM framework explored the physical structure of the
Xerox ElemX, focusing on the internal subsystems and components that collectively form the
printer. In order to construct a comprehensive and accurate representation of these structures,
the Xerox ElemX customer packet served as a vital source of information, complemented
by collaboration with members of CAMRE. However, due to the proprietary nature of
some printer components and the lack of publicly available data, the team had to make
engineering assumptions regarding the interactions between various internal subsystems.
As part of the physical structure analysis, the team examined aspects such as printer heads,
build platforms, material handling systems, and control systems. These components were
then represented digitally in the AMDTMM by the use of blocks, with specific properties
assigned to each block. Relationships between these blocks were also established, illustrating
how the subsystems interact and exchange information with one another through the use of
SysML proxy ports. Figure B.4 in Appendix A depicts the Xerox ElemX block definition
diagram, providing a visual representation of the printer’s hierarchy, while Figure A.6 in
Appendix A depicts the internal structure of the ElemX to showcase the information flows

between subsystems in an internal block definition diagram.
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4.2.3 Behavior (Functional)

The third pillar focused on the behavior of the Xerox ElemX, which presented a
challenge due to the lack of physical access to the printer. Despite this obstacle, the team
utilized the Xerox ElemX customer packet to create a state machine diagram that illustrates
the operational state lights of the printer. This comprehensive state machine encompassed
every mode of operation the ElemX experiences, offering a clear understanding of the
printer’s behaviors and transitions across different operational states. Furthermore, the state
machine is executable with programmed logic to step through each state using signals to
transition to the next. Figure A.8 in Appendix A illustrates the Xerox ElemX state machine

diagram. This section is one that can be further refined in future CAMRE work.

4.2.4 Parameters (Performance Data)

The fourth and final pillar of the AMDTMM characterized the performance data of
the Xerox ElemX. The team has received test data from CAMRE from ongoing testing
on the USS Boxer. The test data consisted of the acceleration and temperature of different
printer components during use. Description of the objects printed in the test data, such as
size and format, was not provided, but valuable data could be inferred from comparing the
acceleration of different printer components to the quality of the printed part. If testing was
performed underway, nautical impact to the platform could affect the quality and efficacy of
each printed component. However, additional performance data showcasing the measured
capabilities of the printers are needed to populate this section of the framework to further
increase the utility and overall usefulness for CAMRE. The goal is to expand this pillar of
the framework inside the AMDTMM so this tool can be leveraged in the future as additional
research and experimentation are performed on the ElemX. The additional information
would result in further defining this pillar of the AMDTMM framework to help further
characterize the capabilities of the printer within the AMDTMM.

4.3 Concept Laser M2 Series-5 Instance

In addition to the Xerox ElemX, the Concept Laser M2 Series-5 printer, developed
by General Electric, was selected by the team as the second case study. The team selected
this printer after reviewing previous CAMRE research capstone projects as discussed in

Chapter 2: Background and Literature Review. In the capstone report, “Architecture for a
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CBM+ and PHM centric digital twin for warfare systems” [30], the Concept Laser M2 was
the subject of the capstone group’s research. The Concept M2 was built out in a similar
fashion as the Xerox ElemX instantiation within the AMDTMM, with the intent to show
how to integrate previously executed CAMRE work. However, only three out of the four
pillars of the framework were developed for the Concept M2 Series-5 printer due to missing

measured information needed to build out the parameters section.

4.4 Conclusion

The AMDTMM was designed with the user experience as a core design philosophy.
By utilizing a centralized landing page and a containment tree navigational structure, the
AMDTMM facilitates ease of access in an organized fashion. The AMDTMM is structured
so that individual types of AM printers are organized into hierarchical packages, categorized
by the seven types of printers found in the DOD AM Strategy. Users can add, remove, or
edit existing printer entries, tailoring each DT to their needs. The AMDTMM captures both
the physical structure and functional behavior of designated printers adhering to the DT
framework and serving as a repository. These features, coupled with the built-in User Guide
found in Appendix B: AMDTMM User Guide, highlight the user experience focus that was
at the forefront of the AMDTMM design.

64

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



CHAPTER 5:

Recommendations and Conclusions

The objective of the AMDTMM capstone project was to create a DT MM to serve
as a centralized repository for CAMRE and the tri-maritime services. The vision for this
project was to enable the tri-maritime fleet to model and simulate the AM process using
digital representations of 3D printers. In order to achieve this goal, the team utilized an
MBSE approach and the MSOSA modeling tool to design the model, as outlined in the
CAMRE Broad Area Study. The team successfully developed an architecture for seven
different types of printers and, as a proof of concept, created a higher fidelity model of
the Xerox ElemX. However, due to limited information on the printer, a partial DT was
developed using provided and researched information. Despite this, the current state of the

partial DT model presents numerous opportunities for future enhancements.

5.1 Areas for Future Work

The AMDTMM provides a modular framework designed to evolve with the contribu-
tions of future CAMRE work. As a centralized repository, its utility will be determined by
CAMRE and other researchers among the tri-maritime services by adopting to the organiza-
tional structure and framework in the AMDTMM. The AMDTMM can be further expanded
by integrating external simulations and models, such as ExtendSim, Matlab, Simulink, etc.
Simulink integration could be relatively straightforward due to built-in compatibility with
MSOSA. However, the team encountered issues with integration because of an insufficiently
developed relevant Simulink model. Another possible expansion of the AMDTMM is to in-
tegrate components that facilitate compatibility with the Internet of Things (IoT). The phrase
IoT refers to, “scenarios where network connectivity and computing capability extend to
objects, sensors, and everyday items not typically considered computers, allowing these
devices to generate, exchange, and consume data with minimal human intervention” [41].
In this scenario, 10T will facilitate the transfer of data from the physical model sensors to
the digital model and vice versa. Successful integration of IoT into the MM will provide
users with the potential capability to predict part failure on the physical model based on the

quality of data transferred using IoT. Furthermore, the physical AM component’s reliability

65

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



and availability can be analyzed using a live transfer of data from the physical model to the

digital model.

The current state of the partial DT offers numerous avenues for expansion, enabling
users to study and understand complex AM system component functionalities. A completed
model can offer users the capability to simulate the printing process of an item using seven
different types of printers. Such a simulation would provide information on the printing
process time, power consumption, heating plate temperature, and final product quality.
Ultimately, those heuristics would require additional development within the existing model.

Furthermore, an additional recommendation for future work could be adding infor-
mation on the time needed to print a part, environmental behavior, and maintainability.
The time required to print a part, dependent on its size and form, is crucial for gauging
user demand and determining mission-critical, time-sensitive uses. Information on printer
behavior resulting from environmental interference, such as sensitivity to vibration and sea
motion, is necessary for proper printer usability and the quality of the parts produced/printed.
Maintainability information, such as Mean-Time-Between-Failures, periodic replacement of
worn components, and time to repair/replace worn/damaged components, will allow users to
forecast running costs and downtime. Integrating all of the recommendations mentioned can
enhance the AMDTMM'’s capability and better assist CAMRE or the tri-maritime services

in selecting the most suitable printer for specific environment and mission requirements.

5.2 Conclusion

As AM technology gains traction across various industries, its applications within the
DOD have expanded from producing small components to creating critical replacement parts
for equipment. However, ensuring the quality of produced parts remains a challenge, often
leading to waste. Implementing a process that simulates production can significantly improve
the likelihood of generating high-quality products. A DT model, the digital counterpart of a
physical system or product, has been successfully adopted in several industries to optimize
their processes and proven to enhance the user’s, or stakeholders, understanding on how

actual systems perform.

The CAMRE team at NPS aimed to develop an AMDTMM of a 3D printer using
the MSOSA system modeling tool while leveraging DOD’s Digital Engineering Strategy
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processes for MBSE. The project commenced with a research phase centered on AM
and DT technologies, supplying the necessary foundation for the design process of the
AMDTMM. The developed DT framework consisted of the seven different types of printers,
per the DOD’s AM Strategy, which provided a versatile, modular, and scalable framework
to support the ongoing advancement of AM research and applications in an organized
repository. Through the collaboration with CAMRE and industry partners, the AMDTMM
has the potential to evolve in scope and utility to better assist the user in the selecting,

understanding, and enhancing of each 3D printer instantiation for the desired application.
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APPENDIX A:

Xerox ElemX Instantiation

This Appendix serves as reference information from the AMDTMM for the Xerox ElemX.

Table A.1. Xerox ElemX Requirements. Adapted from [4], [42]

Beginning of Table

ID | Name Text Source

1 ElemX-1 The ElemX SHALL not exceed 480 volts | XeroxElemx_System
Input power 3 phase at 50 amps. Specifications.pdf

2 ElemX-2 The ElemX SHALL not exceed 4730 1bs | XeroxElemx_System-
Total Weight (2146 kg). Specifications.pdf

3 | ElemX-3 The ElemX SHALL have a print volume | XeroxElemx_System-
Print area of 12in x 12 in x 4.7 in (300 mm x 300 | Specifications.pdf

mm X 120 mm).

4 ElemX-4 The ElemX SHALL chiller with maxi- | XeroxElemx_System-
Chiller mum weight not exceeding 340 Ibs (154 | Specifications.pdf
Weight kg).

5 ElemX-5 The ElemX SHALL have a chiller vol- | XeroxElemx_System-
Chiller ume of 9.3 ft x 4 ft x 7.3 ft (284 cm x | Specifications.pdf
Dimensions 125 cm x 221 cm).

6 | ElemX-6 The ElemX SHALL require no more | XeroxElemx_System-
Required than 20.5 ft x 12.4 ft x 10.3 ft (624 cm x | Specifications.pdf
Room Space 326 cm x 320 cm) of space.

7 ElemX-7 The ElemX SHALL not exceed 230 volts | XeroxElemx_System-
Chiller power | single phase at 30 amps. Specifications.pdf

8 ElemX-8 The ElemX SHALL have a maximum | XeroxElemx_System-
Build Rate build rate of 0.5 pounds per hour (84 | Specifications.pdf

ccc/hour).
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Continuation of Table A.1

ID | Name Text Source

9 | ElemX-9 The ElemX SHALL not exceed 2 Ibs per | XeroxElemx_System-
Maximum part | produced part. Specifications.pdf
weight

10 | ElemX-10 The ElemX SHALL have a dimensional | XeroxElemx_System-
Accuracy accuracy in the X and Y direction greater | Specifications.pdf

than +/- 0.6 mm and in the Z direction
greater than +/- 0.5 mm.

11 | ElemX-11 The ElemX SHALL have a minimum | XeroxElemx_System-
Layer layer thickness of 0.24 mm. Specifications.pdf
Thickness

12 | ElemX-12 The ElemX SHALL provide the capa- | XeroxElemx_System-
Heat bility to heat each part as required by the | Specifications.pdf

operator.

13 | ElemX-13 The ElemX SHALL have the ability to | XeroxElemx_System-
Post enable post processing. Specifications.pdf
processing

14 | ElemX-14 The ElemX SHALL provide argon inert | XeroxElemx_System-
Gas gas only in the print head region. Specifications.pdf

15 | ElemX-15 The ElemX SHALL provide a sand cast | XeroxElemx_System-
Surface finish | comparable surface finish to all parts | Specifications.pdf

produced.

16 | ElemX-16 The ElemX SHALL ensure each part | XeroxElemx_System-
Part Density produced has a density of greater than | Specifications.pdf

98.5 percent.

17 | ElemX-17 The ElemX SHALL provide the ability | XeroxElemx_System-
Input material | to use 354 (4008) aluminum alloy as a | Specifications.pdf

material.

18 | ElemX-18 The ElemX SHALL accept material on | XeroxElemx_System-

Input material

weight

a spool at a weight not to exceed 20 lbs
(9.1 kg).

Specifications.pdf
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Continuation of Table A.1

ID | Name Text Source

19 | ElemX-19 The ElemX SHALL be capable of utiliz- | XeroxElemx_System-
Material ing 0.062 in (1.6 mm) of wire diameter | Specifications.pdf
diameter on a spool.

20 | ElemX-20 The ElemX SHALL be Windows 10 | XeroxElemx_System-
PC needed compatible. Specifications.pdf

21 | ElemX-21 The ElemX SHALL have a minimum of | XeroxElemx_System-
Memory 16 GB of RAM. Specifications.pdf

22 | ElemX-22 The ElemX SHALL support a wire reel | XeroxElemx_System-
Wire Reel of 20 Ibs (9.07185 kg). Specifications.pdf
Weight

23 | ElemX-23 The ElemX SHALL provide 20 degrees | Dayl_ElemX_1-

Chiller water

temp

Celsius water.

1_Customer-
Training_11222021.pdf

End of Table
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Figure A.1. Xerox ElemX Traceability Matrix
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Figure A.2. Xerox ElemX Block Definition Diagram

73

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU




and share AM DT data.

Mbateng Tchuisseu
Date: 19 March 2023
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AM process in which material Is

Team name: Digital Twin Alpha Dogs (DTAD)

Overview: The AMDTMM tool provides 3 main capabilities to users:
1.Provide a single repository, that follows a template/framework, to create, store, update,

—Data can be:SysML structure, behavior or requirement elements and diagrams along
with measured performance files, simulation results (not ran in Cameo), and SysML
activity results (ran in Cameo).

2.The repository template/framework categorizes each AM DT printer data into:
Requirements, Structure, Behavior, or Parameters (performance data).

3.The DT for the Xerox ElemX will be developed, adhering to the template/framework.

Summary: The AMDTMM will provide stakeholders a DT template to collect, organize,
compare and expand upon AM research and development using Cameo.
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Figure A.3. AMDTMM Landing Page
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Acceleration Collected from USS Boxer on 20220823
MATLAB fle located at: ~ AccelTable.mat

Raw data located at:  20220823ElemXAccelerationData.txt

Figure A.4. Xerox ElemX Parameters - Acceleration Data
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Free Form Diagram [ [[ 2} Typical Maintenance as of 2023-03-21 ]J

«block» «block» «block» «block»
Lower Pump Upper Pump Heater Assembly One-piece Housing
proxy ports proxy ports parts parts

«proxy» Melted Alumium: ~Wire out
«proxy» Agon Gas : ~Argon Gas

Replacement: Every prilrﬁ

«proxy» Melted Aluminum: ~Wire out
«proxy» Melted Alumium: Wire out
«proxy» Agon Gas : ~Argon Gas

Replacement: 3-5 prirla

N\

A\

heater Sensor : Heater Sensor

~ \

\\ \

proxy ports
«proxy» Aluminum wire in: ~Wire out

«proxy» Melted Aluminum: Wire out

Replacement: Every 20 prir%
7

thermocouple : Thermocouple

pulse Coil Assembly : Pulse Coil Assembly
heater Assembly : Heater Assembly

upper Pump : Upper Pump

lower Pump : Lower Pump

water Temp Sensor : Water Temp Sensor

7
7

,
Component [Replacement Periodicity |

lower pump every print _ =
upper pump 3 -5 prints

heater assembly once every 20 prints

one piece 3 - 6 months

build piece 3 - 6 months

proxy ports
«proxy» Water Supply : ~Chilled water
«proxy» Water Return : ~Warm Water
«proxy» Agon Gas : ~Argon Gas

_|Replacement: Every 3-6 mont%

Data received by Zachary Vrtis on 21 March 2023 indicating the below component replacement/maintenance periodicity neededH
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ibd [Material Jetting) Xerox ElemX[ (£ Xerox ElemX Intemal Interfaces U

Plasm Wand power : 120 VAC Power

wire Feeding Mechanism : Wire Feeding Mechanism

‘wire Reel : Wire Reel

Wire o1

E Printer power : 3-Phase 480 VAC Power
B Ak

Chiller power : 240 VAC Power

oo MO A Pover

{Ghitler power

Water Retun : Warm Water

1
chiller Subsystem : Chiller Subsystem

)
power Subsystem : Pwer Subsystem

Printer power : 3-Phase 480 VAC Poy

‘magna Power Supply :

Water Supply : Chilled water

print Area Subsystem : Print Area Subsystem

print Head Subsystem : Print Head Subsystem

one-piece Housing : One-piece Housing

[ hoster Assombly : Hoater Assembly

lagna Power Supply

:Magna Power voltage

Printer power : 3-Phase 480 VAC Power

C2to Magna : 10

Water Return : ~Wz

ply -

ater Temp - 1O

Magna Power voltage

Water Retum : Warm Water

‘Xeaxis motor : Axis motor

210 X-axis motor : IO

o
SR e
feked Aluminum : Wire out
Melted Aluminum : ~Wire out fater Retum : ~Warm Water ply
Agon G | upper Pump : Upper Pump
7 (=]
Melted Alumium : Wire out
Melted Alumium : ~Wire out Water T [TV
Agor Gas : ~Ax faong s
Tower Pump : Lower Pump
rgon Subsystem : Argon Gas Subsystem
Agon G : Argon Gas GasC2: 10
iq;m.d power to col : ~Coil Magnetc Fisld
{ R Aty - Puiee Col Assambly | { thermocouple : Thermocouple
Temp monitorng : VO Water Terhp : ~10
O electrical Control Subsystem : Electrical Control Subsystem
Argon e o T
q HLG e F {—Es
opu cpuT‘
Agon Gas : ~Argon Gas C""V“'"‘“_""’E] Gas Sefisor: -0
‘Agon Gas : ~Argon Gas Gas Sensor : 10 |Water Temp : 1O
C2to Xeaxi 110 5 0
fil fi}
X, Y and Z-axis Motion Subsystem : X, Y and Z-axis Motion Subsystem | Heater Temp Feaior Tomp: VO

Disglay Data : HOMI

‘Water Retum1 : ~Warm Waer

Display Data : ~HDMI

0
human Interface Subsystem | Human Interface Subsystem

C2 to Z-asis motor: 10

y-axis motor : Axis motor &, C2 10 Y-axis mator : |

Disply Data : »{w Display : Display

Figure A.6. Xerox ElemX Internal Block Definition Diagram
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stm [State Machine] Status Lights[ & Status Lights ])

ElemX On

/_lig
Power On SolidRed_ligh
FlashingRed_lig
exit/ Green_light="off";
Blue_light="off"
Yellow_light:

(Somcor) S
FlashingRed_light="off";

Power OFf # NC file running Green Light

Light Status CPU : "
S0k Red Light Emergency Condition entry / f (Green_light="on")
entry/ if (SolidRed_light=="on") {Green_light="off";}
else
{SolidRed_light="off";}
else {Green_light="on"}
{SolidRed_light="on"}

Blue Light

Low on wire

entry / if (Blue_light=="on")

{Blue_light="off"}}
Fault Conditionn else

{Blue_light="on"}

Yellow Light

High Temp entry / if (Vellow_ight=="0n")

( Flashing Red Light )
entry / if (FlashingRed_light=="0n")

{Yellow_light="off"}
else

(:é:shingRed_lighF"oﬂ”;) {Yellow_light="on"}

{FlashingRed_light="on"}

STATUS LIGHT | DESCRIPTION

Solid Red An Emergency-Stop condition is active, usually because
one of the Emergency-Stop knobs has been activated.

Flashing Red A printer fault or error condition exists.

Yellow Use caution when working in or near the printer. The
temperature of a printer system or multiple systems is hot. " 7 Day1_ElemX_1-1_
Customer-Training
Green The Numerical Controller (NC) is running a program file for _11222021.pdf
a user part or setup routine.
Blue The weight of the remaining wire material is below 2 kg.

Figure A.7. Xerox ElemX Behavior. Adapted from [42]
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Free Form Diagram [ Sensor Data Collect on USS Boxer 20220930 - Summary])

Time vs Temp

120.00

115.00

110.00

165.00

100.00

35.00

30.00

500

80.00

951:33 AM
95411 AM

——AtnOsphe e Tempersture [deE F) insde Data AcGUsion Bk —— TempEratiae] (ded F) Adjocent Accelara tion Bisid Plate
Tomparstura 2 g £ Adjscent Accalerstion Hasd Temparature (g ) Afjscant ta Oxygen sansar
\

Outcome:

Data collected from the USS Boxer located on NPS Box.

Sensor data collected and captured here:
20220930ElemXSensorData_Formated.xlsx

@ Adjacent Acceleration head reached over 115 degrees.
@ Adjacent to Oxygen sensor reached 95 degrees.
@ Adjacent acceleration build plate reached 97 degrees.

Figure A.8. Xerox ElemX parameters - Sensor Data
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APPENDIX B:
AMDTMM User Guide

This Appendix serves as reference information from the AMDTMM User Guide.

(‘act [Activity] 1. START HERE - User Guide| [-5| 1. START HERE - User Guide 1)

, Content Diagram [ [ AMDTMM Overview 1)

Additive Manufacturing Digital Twin Meta-Model (AMDTMM}
Team name: Digital Twin Alpha Dogs (DTAD)

| What do | want to use the lool for?

*
| | st s s ————ninns st e e s P Corepe rnstam e
| | = ===" e—— fe== == e
: v v i
Viewing and adding Add new printer
to an existing DT to the AMDTMM
printer within the repository
AMDTMM repository th
th )

Figure B.1. AMDTMM User Guide - Start Here
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Determine what printer

act [Activity] Add new printer to the AMDTMM repository] [ Add new printer to the AMDTMM rspnutrry]J
— T typeto add new kind of

printer to

“| [
| [

|
| [
N |
Powder Bed Fusion is defined as an

‘Sheet Lamination is defined as
|AM process in which thermal energy

| 'Vat Polymerization is defined as an
an AM process in which sheets

Material Extrusion is defined as an
1AM process in which liquid polymer

AM process in which material is

Material Jetting is defined as an

I Binder Jetting is defined as an AM
|AM process in which droplets of

| process in which a liquid bonding

| Directed Energy Deposition is defined
| as an AM process in which focused

| agent is selectively deposited to join | | selectively dispensed through a |build material are selectively of material are bonded to form ! |ina vat is selectively cured by |selectively fuses regions of a powder | thermal energy is used to fuse materials
| powder materials nozzle or orifice ‘ﬂepositeﬂ an object | Illghtazﬂvated polymerization. bed | by metting as they are being deposited
aallocater «allocaten «allocaten «allocaten i aallocates aallocater | «allocates
1. Binder Jetting Printer Type 2. Material Exturision Printer Type 3. Material Jetting Printer Type 4. Sheet Lamination Printer type ‘| 5. Vat Polymerization Printer Type 6. Powder Bed Fusion Printer Type 7, Directed Energy Deposition Printer Type

- )

L_ [ 6. Powder Fusion

= — {1.Binder Jetting — /2 Material Extrusion . 5/ 3. Material Jetting _ /4. Sheet Lamination
‘ I X I
| 5 |
T i the .~ B . —
:‘—,.-ulg-hhﬂ.- ‘hl—:uﬁ-n-tt—,n-ﬂq:h nh-ngn-hn-hc:- 4:-:;‘"'““”; e vmmlln-, . ( :.:;;'“:".“:‘“":'
T::nn.aq.un::‘ mn.ruhu-lmrm. J Anml:nom. B oet. St = ‘:‘:‘? ::;ﬁ =

| [T OwectdErergy
|

" In the containment tree,
navigate to the Package

SysML Package Diagram [
- ] 1

1 1
1. Bindar Jetting 4 Shoet Lamiration

Instances Created ])

2 Material Extrusion 0
1 Concapt Luser M2 Series 5

1
7. Dirscted Enargy Deposition

Figure B.2. AMDTMM User Guide - Printer Selection
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act [Activity] Create Framework [ = Create Framework ]J

*Start Here* in the

Nmngale to AMDTMM Tooll
. % containment tree

type from the 7
possibilities

%'/ Copy desired printer |

("Paste desired printer type )

"Copy&Rename..."
template into the
corresponding package
within the AMDTMM Tool

—_—
|

rl.lser renames the package

"Copy&Rename..." to the
make and/or model of the
printer begin created

SysML Package Diagram [ [ Start Here Packages ]J

“Start Here*

Copy&Rename-1. Binder Jetting Start
[J 1. Requirements

[ 2. Structure

[ 3. Behavior

[ 4. Parameters

& Binder Jetting Start

Copy&Rename-2. Material Extrusion Start

[J 1. Requirements

7 2. Structure

[ 3. Behavior

[ 4. Parameters

1. Material Extrusion Start

Copy&Rename-3. Material Jetting Start
[J 1. Requirements

[ 2. Structure

37 3. Behavior

[ 4. Parameters

% Material Jetting Start

Copy&Rename-4. Sheet Lamination Start

[J 1. Requirements

3 2. Structure

7 3. Behavior

[ 4. Parameters

{* Sheet Lamination Start

Copy&Rename-5. Vat Polymerization Start

37 1. Requirements

[ 2. Structure

[ 3. Behavior

[ 4. Parameters

i/ Vat Polymerization Start

Copy&Rename-6. Powder Bed Fusion Start

7 1. Requirements

[J 2. Structure

[ 3. Behavior

[ 4. Parameters

4 Powder Bed Fusion Start

[ 1. Requirements

[ 2. Structure

[ 3. Behavior

[ 4. Parameters

& Directed Energy Depositien Start

Copy&Rename-T7. Directed Energy Deposition Start

SysML Package Diagram [ ) AMDTMM Tool Packages ])

1

AMDTMM Tool

[711. Binder Jetting
[]2. Material Extrusion
[ 3. Material Jetting
[14. Sheet Lamination
[ 5. Vat Polymerization
[716. Powder Bed Fusion

[ 7. Directed Energy Deposition

(" User renames the custom

type of printer block within
the newly created
framework

Instances Created

O

Figure B.3. AMDTMM User Guide - Create Framework
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act [Activity] Viewing and adding to an esxisting DT printer within the AMDTMM repositorf @ Viewing and adding to an existing DT printer within the AMDTMM lqllﬂTﬂ'ﬂJ

Navigate to the landing page within ) .
Expand the printer package "Mlm"':'::':m:““ sither "Requirements", "Structure”, (" Adddatato
- - — containing the printer of interest - — — ', or "F - - — exiting printer, | — — — 9(:)
. from the containment tree WT“ > Snmhi, to see a summary of development a{ if desired
- ’ o for that corresponding area :
SysML Package Diagram [Insta'mscrwa\! ]J
[— [— ) [E— [E— ) [— [E— ) [—
1. Binder Jetting 2. Material Extrusion 4. Shest Laminstion 5. Vat Polymerization 6. Powder Bed Fusion 7. Directed Energy Deposition
= Xavox BemX = Concept Laser M2 Series §

Figure B.4. AMDTMM User Guide
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