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Abstract — This paper focuses on the environmental effects of additive manufacturing (AM) and the need for critical
evaluation techniques. The Life Cycle Assessment (LCA) methodology is emphasized as an approach to measure the
ecosystem effect of AM over the whole lifespan of the product. The NSF-funded workshop on the environmental
consequences of AM highlighted areas characterized by knowledge gaps and uncertainties, which will direct future research
efforts in this domain. The paper highlights the significance of material selection in AM and presents a new mechanism
for evaluating the environmental consequences of AM components. The research revealed that the use of materials in AM
might lead to a substantial decrease in environmental consumption and energy consumption. Nevertheless, the research
also emphasizes the problem of material waste in additive manufacturing techniques. The study advocates for the creation
of standardized measuring methodology and sustainability characterisation methods for AM in order to encourage wider
adoption and the implementation of sustainable manufacturing practices. ASTM International is an association dedicated
to the advancement of standards for sustainable manufacturing and AM.

Keywords — Additive Manufacturing, Sustainable Manufacturing, Life Cycle Assessment, Sustainability Characterization,
Standardized Measuring Methodology.
I.  INTRODUCTION

The use of additive manufacturing (AM) is progressively expanding in the creation of novel items, including the stages of
tooling, functional components, and conceptual design. AM, as defined by Edgar and Tint [1], encompasses various terms
such as rapid manufacturing, rapid prototyping, freedom fabrication, additive fabrication, and 3D printing. It employs
advanced techniques to construct parts by incrementally adding and bonding material layer-by-layer. AM is a swiftly
growing technology that has shown potential in various applications, including medicinal implants, aerospace, and the
automotive sector. Currently, the methods used for built ecosystem applications include of binder jetting and extrusion-based
procedures. The use of AM methods in the construction sector as illustrated in Fig 1.

The capacity of additive manufacturing (AM) fabricates components directly from a digital model renders it a superior
option in contrast to traditional manufacturing approaches such as injection molding, machining, and die-casting, particularly
for the fast production of highly personalized parts. It is important to acknowledge that AM is particularly well-suited for
creating items with intricate shapes in small quantities. However, it has also shown its ability to effectively speed up the
manufacture of dies and tools used in high-volume producing processes. Additionally, it has the capability to expedite the
manufacturing process of certain components by consolidating several pieces into a single unit. The range of raw products
used in additive manufacturing (AM) are ceramic, composite, metallic, and plastic materials, which are available in various
forms, including liquids, wires, or powders. The practical and geometrical characteristics of generated components may vary
considerably due to the variances in additive manufacturing technologies and techniques.

Choosing appropriate AM elements, which meet performance guidelines necessitates a critical design process. AM can
be employed in production to provide prompt planning and enhance efficiency [2]. However, more research is required to
completely exploit the economic potential of additive manufacturing techniques by overcoming certification, regulatory and
logistical barriers, for critical items such as automotive or aircraft parts. This study examines the environmental impact of
additive manufacturing, also known as 3D printing. As shown by Lundy et al. [3], the life cycle analysis (LCA) strategy can
be employed to evaluate the environmental effects of AM, such as every stage of manufacturing from raw material
consumption to extraction.

However, 3D printing become more efficient, material selection becomes increasingly important due to environmental
and human health implications. The study includes other current manufacturing industries and activities of sustainable and

96



ISSN: 2959-832X Journal of Computational Intelligence in Materials Science 2(2024)

additive manufacturing. These endeavors include the creation of a structure for defining sustainability, the development of
measurable criteria for sustainability, the improvement of indicators for sustainability, and the evaluation of additive
manufacturing processes. The researchers emphasize the efforts of ASTM International in formulating standards for additive
manufacturing (AM) and environmentally conscious production. They emphasize the significance of standards in the
industrial sector.
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Fig 1. Additive manufacturing methods in the building industry

The rest of the paper is organized as follows: Section II presents a review of previous literature works on additive
manufacturing; and sustainability and sustainable manufacturing. A discussion of the environmental effects of additive
manufacturing has been provided in Section III. Section IV reviews the aspect of sustainability characterization, presenting
a detailed methodology of it. Section V focusses on the relevant ASTM standards organizations, such as ASTM sustainable
manufacturing, and ASTM additive manufacturing technology. Lastly, Section VI presents a summary of the environmental
effects of additive manufacturing.

II. LITERATURE REVIEW ON ADDITIVE AND SUSTAINABLE MANUFACTURING

Additive Manufacturing

Additive Manufacturing (AM), or 3D Printing, is seen as a highly promising technology, which may significantly contribute
to the creation and design of the built ecology. The prevalence of additive manufacturing may be attributed to its many
benefits compared to conventional techniques, including rapid production, decreased labor expenses and waste materials,
the capacity to fabricate personalized items, as well as improved precision and accuracy. Additive manufacturing technology
can effectively and expeditiously meet housing demands in times of disaster. Moreover, these technologies allow the creation
of distinctive and nonconformist structures that are unattainable by standard construction techniques. Developed countries
have made significant investments in the robotization of the construction industry to tackle the shortage of skilled people
and reduce dangers at construction areas. Even though additive manufacturing methods have been established for more than
30 years, the degree of automation in constructing applications has progressed at a sluggish pace. This barrier stems from
the already inefficient additive manufacturing technology for direct application to a wider range of manufacturing processes.

Although there have been recent developments in additive manufacturing (AM) technologies and processes, there are
still significant requirements and research issues, which must be address. The issues include the need for emerging
technologies and materials that can be used in non-environmental construction applications, and the advancement and
integration of robustness in additive manufacturing structures. This requires advancements in computer modeling techniques,
system conditioning, and the design of the most effective types of structures. A number of scholars have attempted to employ
traditional construction materials to manufacturing systems using additive manufacturing methods. In contrast, other
materials have been investigated by other researchers, including recycled materials, geopolymer concrete, building materials
enhanced with waste materials, and natural fiber-reinforced composites.

Although additive manufacturing (AM) approaches have been improved to satisfy the requirements of construction, there
remains a necessity to design materials, which can replace traditional products in the marketplace and can be easily included
into the processes described above. Optimizing process parameters in AM poses challenges due to the need for the material
to be fluidic for distribution, while also requiring quick curing to maintain structural integrity. Sahin and Mardani-
Aghabaglou [4] reviewed several aspects related to 3D printing, including the capacity to extrude and create structures, the
design of printer nozzles, the speed and direction of printing, the sizes of aggregates used, the ideal composition of mixes,
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and the incorporation of supports into the material. However, the level of development in AM standardization procedures in
the building industry is insufficient for commercialization.

In this paper, we enhance and refine the prior reviews by conducting a comparative, systematic, and comprehensive,
examination of the available literature, as outlined in the following paragraphs. This study evaluated original research papers
and review papers from reputable journals to identify the limits and obstacles in the use of AM techniques in the construction
industry. While there are several review papers available in this sector, a significant number of them lack a comprehensive
and in-depth analysis. The articles by Ngo et al. [5] and Bai et al. [6] specifically focused on the material science aspects of
the procedure, without delving into detailed data about process advancement. However, Utela et al. [7] did not thoroughly
address the challenges associated with implementing materials into 3D printing procedures, although providing detailed
explanations of the processes. The evaluations by De Castro and Garcia-Ayuso [8] are now obsolete since there have been
considerable improvements in techniques and materials in the area in recent years. Craveiro, Duarte, Bartolo, and Bartolo
[9] conducted a comprehensive analysis of the three most well-known AM techniques (D-shape, concrete printing (CP), and
contour crafting) in the construction industry. The study reported on potential uses, cost analysis, and other advantages
compared to conventional building methods.

Bos et al. [10] emphasized the 3D CP facility at Eindhoven University of Technology, along with other established
printing techniques. The study primarily addressed design, geometry, and process parameter concerns, while also
investigating potential research avenues. Quah et al. [11] performed a thorough assessment of articles released in 2023 in
their research. This article aims to investigate the progress achieved in three processes of computer-aided manufacturing at
the 3D printing facility in Singapore. Kovler-Roussel [12] carried out a comprehensive study of materials with concrete and
mortar conditions initially including geometric measurements of structures. They also examined the effect of these
characteristics on mechanical features. In their study, D’ Ambirisi et al. [ 13] thoroughly examined cementitious and polymeric
building materials. In addition, they investigated the environmental and socioeconomic impacts of additive manufacturing
processes in the building sector. Gradesi and Labonot [ 14] thoroughly examined the practice of additive manufacturing (AM)
in the construction industry, and proposed possible improvements in the application of AM technology. Rehman and Kim
[15] thoroughly examined the technical characteristics and features of 3D printed materials.

Aguirre-Guerrero et al. [16] conducted a study to establish a strong relationship between the demands for 3D printed
cement products and the growth in this industry. Chen et al. [17] conducted a research that presented a thorough analysis of
the applications of Additive Manufacturing (AM) in the construction sector. The authors outlined the several stages included
in contemporary building and deliberated on the existing materials as well as the prospective ones for future use. Ghaffar,
Corker, and Fan [18] have completed a thorough examination of additive manufacturing techniques and technology in the
construction sector. In their study, Vafadar et al. [19] conducted a comprehensive literature analysis on the use of metal AM
technologies, with a particular focus on their applications in the construction industry. Marchisotti and Zappa [20] conducted
a feasibility analysis of several drone-based technologies for the practical building of masonry structures. Wakisaka et al.
[21] conducted a thorough examination of the progress of automation in the building industry for high-rise buildings. They
also analyzed the market in relation to academic research. Three primary disparities were discovered among the robotics
industry, academia, and construction sector, along with suggestions to resolve these disparities.

A scient metric visualization and study of literature pertaining to artificial intelligence in construction, engineering, and
architecture was conducted by Pan and Zhang [22] conducted a thorough examination of the use of unmanned aerial systems
for inspecting automated structures in the built environment. They also presented a case study to verify the suggested
framework. In their publication, De Schutter et al. [23] focused on addressing technical challenges associated with concrete
3D printing, while also highlighting the environmental and economic benefits that this technology offers. In a recent
publication, Yu et al. [24] conducted research on the process features and qualities of 3D printed cement-based composites
in both their hardened and fresh states.

In their work, Panda, Unluer, and Tan [25] conducted a similar investigation on extrusion-based techniques. However,
their focus was primarily on discussing the mechanical characteristics of cementitious composite materials in more depth.
Bos et al. [26] released a comprehensive review study specifically examining the application of reinforcement in 3D printed
concrete structures. The review article given by Kondepudi et al. [27] compiled existing material to determine the necessary
rheological specifications for concrete printing. Given the deficiencies in existing research, it is necessary to identify and
tackle interdisciplinary concerns so as to effectively use AM operations. In order to include AM processes in the construction
industry, it is necessary to have a comprehensive understanding of the most advanced methods now available. This will help
identify and emphasize the limitations and challenges associated with these techniques. The focus of this review is on four
specific areas: AM processes commercialization in built ecosystem, AM processes, AM process constraints, and construction
materials for AM. This review aims to help researchers from various backgrounds, such as sustainability, manufacturing,
designers, and material science, to identify future research directions.

Sustainability and Sustainable manufacturing

Essentially, sustainability refers to the capacity to persist or withstand, and this has substantial consequences. Sustainability
refers to the long-term production and variety of biological structures from an ecological standpoint, as well as the possibility
for long-term wellbeing from a human viewpoint. The latter is contingent upon the welfare of the natural environment, which
encompasses the prudent use of natural resources and proper waste management. Sustainability entails establishing a stable
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and harmonious connection between humankind and our planet. Undertaking such a task is arduous, given the intricate nature
of both the planetary system and the human system. Sustainability, within the context of ecosystem stewardship and human
progress, encompasses ideological, political, ecological, and economic aspects. It is primarily understood as a derivative of
the concept of sustainable advancement. Sustainability encompasses three main dimensions: social (like political), economic,
and environmental aspects (refer to Fig 2). To achieve sustainability, multi-dimensional indicators and an advanced strategy
are necessary to establish connections between a community's economy, society, and ecosystem.

Sustainable manufacturing encompasses the involvement of companies in the productive sector, whereby the entire
production system, including the supply chain, should adhere to certain principles. These principles include ensuring
economic viability, avoiding pollution, conserving natural and energy resources, providing creative and social rewards for
all workers, maintaining safety and fair treatment of consumers, communities, and workers. Several legislation and standards
have been suggested to regulate and guarantee sustainable production. Some of them include: Accountability is measured
using the AA 1000 framework, while social accountability is assessed using the AS 8000 standard.
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Fig 2. The concept of sustainability as the point where its three main components meet

The Global Reporting Initiative (GRI) provides guidelines for reporting on sustainability. Environmental management
standards are outlined in the ISO 14000 series. The SR ISO 26000 offers international guidelines for social responsibility.
The Commission on Sustainable Development is an organization dedicated to promoting sustainability. The Triple Bottom
Line (TBL) or 3BL concept emphasizes the importance of environmental, economic, and social factors. The sustainability
performance (SP) of companies is measured by the Dow Jones Sustainability Index (DJSI) [28]. ETHOS is an organization
focused on promoting social responsibility. The Corporate Sustainable Index BOVESPA (ISE BOVESPA) [29] is a
sustainability index in Brazil.

Multiple measurement suggestions for sustainable manufacturing have been identified, each with distinct methodologies.
It is important to note that no one concept can be deemed universally valid. However, it is worth mentioning that the metrics
exhibit a more comprehensive approach towards business sustainability. Furthermore, this does not hinder its use in assessing
the sustainability of a company's manufacturing system. To effectively meet the requirements of a manufacturing
measurement application, it is necessary to adhere to many components of the economy, environment, and society. This may
be achieved via the use of specialized sub-indicators related to manufacturing. Hence, data will be gathered from the
production system to validate the sustainability of this specific manufacturing process. In AM, verification may be conducted
using two different methods, as is the case with various other technologies. One may assess the production metrics in the
environmental, economic, and social dimensions of each technology in additive manufacturing. The alternative method
involves comparing and organizing them in a systematic manner to identify similarities that may establish the equality of
these indicators in all respects. Therefore, this relationship would establish a conformity among all metrics for the various
additive manufacturing methods.

III. ENVIRONMENTAL EFFECTS OF ADDITIVE MANUFACTURING
The study pertaining to environmental implications is centered upon life cycle assessment (LCA), as seen in Fig 3. In contrast
to other ecosystem impact assessment methodologies like Design for Environment or Carbon Assessment, the LCA Table
approach allows for precise quantification of the ecosystem effect of a comprehensive system using many criteria. The
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quantification technique has been identified by institutions, such as UNEP (United Nations Environment Programme),
according to the ISO Standard 14044 [30]. To achieve maximum realism, a life cycle study must be comprehensive and
thorough. It is important to consider each stage of the whole life cycle (LC) of a product, starting from the raw materials
removal to the last stage of disposal, which includes the production process. Nonetheless, the most recent step indicated is
often disregarded. Indeed, there are only a limited number of approaches that can accurately assess the environmental
consequences of current manufacturing processes. It is important to acknowledge that the use of energy linked to producing
components may be substantial, and it is vital to acknowledge that not all manufacturing techniques have an equivalent
environmental impact.

Norgate and Haque [31] emphasize the need of doing a comprehensive evaluation of the environmental impacts at the
manufacturing stage. The NSF provided funding for a workshop dubbed the NSF Environmental Impacts of AM, which
aimed to comprehensively examine the ecological impacts of AM [32]. The workshop performed an extensive examination
of the existing studies on the environmental impacts of AM, particularly with regards to energy use and embodied energy.
It also identified areas where there is a lack of knowledge and uncertainties, which can guide future research on the ecosystem
impacts of AM. Additionally, the workshop aimed to broaden the research community's focus on energy use and
environmental concerns in additive manufacturing. The majority of the existing research mostly concentrate on energy use.
LCI information about resource use and both indirect and direct and process emissions are mostly unavailable. Typically,
the particular energy values stated for AM unit procedures are 10 to 100 times greater than those for traditional machining
and injection molding techniques.
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Fig 3. A six-step process for additive manufacturing

Several scholars have dedicated their efforts to addressing this problem over the last decade and a half. In their extensive
assessments, examined these and other significant aspects of ECM (environmentally conscious manufacturing), citing over
300 references. While the ecosystem consequences of tooling and AM were not specifically addressed, the discussion
included some ideas that are pertinent to the topic. Collection and disassembly, environmentally conscious production
(ECP), product recovery and remanufacturing, materials recovery, and recycling, as well as environmentally conscious
design (ECD), all contribute to the product LC processing through the use of tooling and rapid prototyping (RP) technologies.
Nevertheless, the complete quantification of the environmental consequences associated with the various phases of
processing product’s lifecycle has not yet been accomplished.

Hoepner [33] conducted a comprehensive evaluation of the most advanced environmental impact assessment (EIA)
methods for AM. Several techniques were evaluated for assessing environmental effect, including life-cycle analysis (LCA),
design for environment (DFE), and environmental impact scoring systems (EISS). It was found that the absence of thorough
study and rapid growth of this technology led to several unresolved issues. The authors suggest a cooperative initiative
including environmental experts, process control engineers, and designers, to evaluate the implication. Recent studies on the
environmental consequences of AM [34] have investigated the claim that this initiative may minimize the carbon footprint
of products by decreasing logistics and supply chain activities.

Burgess and Brennan [35] provide a significant study on the utilization of Life Cycle Assessments (LCAs) for
determining the environmental consequences of sourcing chemicals in a broad sense. The majority of these research mainly
concentrate on energy use or other related variables. In [36], Buranska et al. observed the various sorts of significant effects
by contrasting AM to the process of machining the hollowed-out thermoplastic components. This monitoring was done from
the beginning to the end of the life cycle. The study's primary finding was that, contrary to previous ideas, the environmental
effects of transportation, disposal, and material considerations were far less significant compared to the energy consumption
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of printers. Therefore, the most crucial aspect to enhance the sustainability of AM would be to optimize the energy efficiency
of 3D printers.

However, as printers improve in efficiency, the significance of materials choices in terms of ecological consequences
and human health becomes more relevant. Therefore, it is crucial to analyze and compare the implications associated with
distinct materials. To do LCA, it is advisable to adhere to the International Organization for Standardization (ISO) Standards,
namely ISO 14044:2006and ISO 14040:2006, since they provide guidelines for completing such studies [37]. AM has the
ability to decrease carbon emissions by optimizing design and reducing material waste (MW). The ATIKINS study
determined that an ideal design might provide material and weight savings of about 40% [38]. According to their
calculations, decreasing the weight of a long-range aircraft by 100 kg leads to a cost reduction of 2.5 million dollars in fuel
and a decrease of 1.3 million metric tons of CO2 emissions during the aircraft's lifespan. Additional investigation is necessary
to comprehensively analyze the environmental impacts of AM.

In order to get a complete understanding of the benefits and possible disadvantages of implementing additive
manufacturing (AM), it is essential to implement a comprehensive plan that covers the whole life cycle of the AM-produced
component(s), from its inception to its disposal. The components that are particularly formulated to utilize the unique weight-
saving capabilities of additive manufacturing have the greatest potential for reducing environmental impact. Egle et al. [39]
provide an innovative method for evaluating the impact on the environment, together with a thorough examination of the
technical and economic factors. This methodology is employed in various additive manufacturing techniques and functions
as a tool for producers to make decisions on the selection of a production process, taking into account multiple criteria. The
authors conducted a study where they generated and evaluated new materials for paste extrusion printing. Additionally, they
also examined materials that were created by other researchers. Testing conducted a LCA to compare the overall ecosystem
consequences of their whole system with the typical ABS extrusion. Additionally, testing evaluated the material cost,
printability, and strength.

The energy required for printing was decreased by 75%, resulting in a reduction from 160 to 40 Wh per component.
Additionally, the environmental effects associated with the materials used were decreased by 83%, from 6.5 to 1.21 REHM
per component [40]. The overall effects per component were decreased by 79% (from 28 to 7 REHM), which includes the
embedded effects of the printer itself, in the scenario where maximal utilization is achieved. The use of AM is believed to
reduce material waste, however, it has been shown that the actual amount of material waste may exceed initial expectations.
This discrepancy may be attributed to mistakes made by either humans or the printer itself [41]. The amount of support
material in FDM is determined on the orientation of the part and other printing variables. Inadequate preheating time,
improper component geometry, human mistake, or printer problems may all lead to failures. This research gathered MW
from commercial printers of FDM that use ABS material in a highly used open shop. The data about the weight of both the
prints and the support material that did not meet the required standards were systematically documented as time progressed.

Furthermore, the unsuccessful prints were categorized into nine distinct groups and evaluated based on the causes of
their failure. The statistics were analyzed and revealed that approximately 35% of plastics utilized in open studio was
squandered. In view of the unsuccessful prints as the additional quantity of material used in real-life situations, the amount
of material wasted due to failure is about two times more than what would be expected in a controlled process research.
Combining the energy usage and materials waste data would result in a fuller LC inventory of the commercial FDM printer.

IV. SUSTAINABILITY CHARACTERIZATION
Recently, the business and academics have openly speculated on the sustainability advantages of AM. However, in order to
encourage the widespread application of the technology, it is fundamental to provide scientific data using well-established
measuring methodologies [42].

Previous research has documented efforts to evaluate the effectiveness of additive manufacturing methods, as seen by
studies such as [43][44]. Specialized benchmark components have been developed to evaluate the performance of AM
processes and systems, and provide valuable data to aid in decision-making. Multiple benchmark works have been published
to ascertain the attainable levels of surface quality and dimensional accuracy using current AM technologies. In addition to
the method and material, several elements, such as the architectural style and particular process parameters, might potentially
impact the precision and surface quality of the component. In order to accomplish sustainable manufacturing, it is
fundamental to create and standardize measurement science methodologies for AM. These methods will enable the
assessment and quantification of the sustainability implications of AM.

Sustainability Characterization Methodology
Currently, industrial firms are compelled to produce and distribute high-quality goods while simultaneously reducing their
negative influence on the environment. Transitioning industrial organizations' environmental operations from a human-
centered approach to science-based approaches may be accomplished by using science-based endurability classification.
This classification will include data on several presentation indicators, which will be critical in assessing the sustainability
of a unit manufacturing process (UMP). UMPs refer to the discrete stages in which raw materials are converted into a final
product by the application of energy.

Thrust primarily deals with the analysis, evaluation, and combination of sustainable attributes of individual and collective
processes, manufacturing facilities, and supply chains. This undertaking will provide the essential mathematical foundations
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for formulating process models that give priority to sustainability. The objective of the project is to produce a comprehensive
set of metrics pertaining to materials, energy, and resilience. Furthermore, it will provide computational methodologies for
computing these measures using process models. In the end, it will provide innovative approaches for integrating these
metrics across all levels of the process. This initiative aims to conduct thorough assessments of manufacturing methods at
the industry level with the goal of improving sustainable performance. It will do this by scrutinizing and delineating the
specific manufacturing and assembly procedures, while also evaluating the competencies of suppliers. The research plan is
formulated to implement the aforementioned technical principles. The content is divided into two primary focuses and six
research initiatives (refer to Table 1).

Table 1. Projects for sustainable processes and resources

Project

Description

Sustainability of Unit
Manufacturing Processes

This project aims to build analytical tools for assessing the sustainability of unit
manufacturing processes. These tools will use computational methodologies to calculate
several SP criteria.

Sustainable Metrics for
Unit Assembly Processes

This project aims to provide the analytical tools required to assess the sustainability of unit
assembly operations. It will include the use of several computational methodologies to
calculate different sustainability performance criteria.

Integrated Production
Processes

This project aims to provide a comprehensive methodology and computational strategy
for combining sustainability parameters calculated at the individual unit and assemblage
levels.

Supplier Characterization
of Production Network

This project aims to provide sustainability characterizations and develop computational
tools for the suppliers within the manufacturing network. This will include providers
involved in the production and distribution of goods.

The Integration
Infrastructure for
Sustainable
Manufacturing

Thrust primarily emphasizes the evaluation, analysis, and enhancement of sustainability
indicators, and the enhancement of mathematical frameworks and strategies for
optimization. The system will provide the necessary framework and organization to (1)
calculate, declare, monitor, and share sustainability measurements, and (2) evaluate, and
enhance the procedures responsible for generating those measurements.

Manufacturability
Sustainability Metrics

This project will primarily address three fundamental components of the sustainability
issue in relation to manufacturability: the establishment of clear criteria for energy and
material information pertaining to sustainability and its integration with design
specifications, the development of a systematic approach for evaluating energy and
material usage in manufacturing processes, and the formulation of test methods for
collecting data and calculating material and energy efficiency at the product level.

Sustainability
Optimization and
Modeling

This project aims to provide an integrated architecture that combines necessary technical
information systems, computational instruments, and simulation software. The purpose is
to assist in evaluating performance and making informed decisions at every level.

All researchers involved in the six previous initiatives are situated inside the Systems Integration Division (SID). The
majority of individuals are located within the LC Engineering Group. The project descriptions within the Research Plan
section provide a depiction of the interactions that occur between the team members and the projects. The Project Plans
provide precise details on the Project activities coordination and the particular requirements for data sharing, including the
kind and time, between Projects and external partners. External partnerships are crucial for the each project and program
will create connections with the standards development organizations (SDOs), most relevant professional societies, and
industry consortiums. Quarterly program meetings will be held, during which project leaders will provide updates on the
state of work and the progress made towards milestones. Regular meetings with the Project leaders will provide a platform
to identify possible issues or possibilities for collaboration with external organizations or inside NIST.

When assessing sustainability, it is crucial to thoroughly analyze all stages of the complete AM process, including post-
processing, raw material preparation, real fabrication, pre-processing, and final component production. It is necessary to
carefully select suitable measuring techniques to accurately evaluate sustainability. To gain insightful comprehension of the
sustainability elements, it is necessary to conduct comparisons with proven processes, like powder metallurgy, which is
regarded as sustainable due to its capacity to use recycled materials. A study is needed to provide a theoretical framework
for evaluating sustainability in additive manufacturing. Prior research has shown the potential advantages of constructing
theoretical frameworks to evaluate the sustainability of various industrial processes, especially those that depend on energy
use.

Additive manufacturing (AM), being a disruptive technology, has potential benefits in the production of functional and
critical components. Moreover, AM has the potential to improve the Social Media (SM) industry in terms of its social,
economic, and environmental dimensions. AM is particularly advantageous for firms that experience economic advantages
from mass customization, weight reduction of components, and optimization of the supply chain. This is mostly the case in
sectors such as healthcare, dentistry, automotive, and aerospace.
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V. RELEVANT ASTM STANDARDS ORGANIZATIONS
ASTM International develops standards that are relevant to both Additive Manufacturing (AM) and Sustainable
Manufacturing (SM).

ASTM Sustainable Manufacturing

Multiple ASTM committees are now in the process of formulating standards for different facets of intelligent manufacturing
procedures. ASTM's inclusive and progressive strategy allows stakeholders from growing sectors to proactively engage with
ASTM in order to develop standards that promote the advancement of their respective industries. The standards for additive
manufacturing, a process that constructs plastic or metal components by adding layers, are established by F42 on AM
Technologies. F42 is accountable for establishing standards pertaining to several aspects of AM. These include defining
requirements for metal mixtures used in fine particles bed fusion, providing guidelines for describing the characteristics of
metal powders used in AM procedures, developing an AM file format, and establishing a method for reporting information
related to AM specimens.

Aerospace engine components, such as combustion chambers and nozzles, produced using AM may exhibit distinct
defects compared to parts built using traditional methods. Committee EO7 on Nondestructive Testing is collaborating with
F42 to establish standards specifically for this domain. "Our goal is to achieve a highly multidisciplinary outcome," said Dr.
Jess Waller, a materials scientist working at the NASA White Sands Test Facility. He observes that EQ7 is developing
cutting-edge non-destructive testing (NDT) protocols and organizing round-robin testing of samples with fault kinds that are
exclusive to AM.

Computer-controlled equipment, such as driverless automated guided industrial vehicles (DAGIV), mobile robots, and
unmanned ground vehicles, are significantly transforming the manufacturing industry due to their advanced capabilities.
They possess the ability to transport goods or equipment from one location to another, as well as the skill to assemble various
components. "Mobile manipulators, which consist of robot arms mounted on robot bases, are currently a subject of increasing
interest for both researchers and robot manufacturers. They have the potential to revolutionize assembly line and agile
manufacturing processes, as well as traditional methods of vehicle docking and navigation," states Roger Bostelman, a
researcher at NIST and the chair of Committee F45 on DAGIV. Upon completion of two proposed ASTM standards,
manufacturers and consumers will have the opportunity to assess the docking and navigation capabilities of devices.

Nanotechnology has led to the development of baseball bats with enhanced strength, textiles that are more resistant to
wrinkles, and car coatings that are more durable. Additionally, it has the promise to advance illness treatment and more. The
primary responsibility of ASTM's Committee E56 on Nanotechnology is to develop and establish a set of standards that
define and evaluate nanomaterials, while also promoting the advancement of workforce education within the nanotechnology
sector. According to Hong et al. [45], smart or digital manufacturing and nanotechnology are closely connected. He explains
that as assemblies and components become smaller, more intricate, and more technologically improved, it is necessary to
explore new directions and think creatively. He emphasizes that standards are crucial for the purpose of comparing and
providing advice.

Packaging plays a crucial role in smart manufacturing by not only safeguarding items during transportation, but also
serving additional functions. Intelligent packaging has the capability to regulate temperature, check the state of freshness,
and provide tracking, among several other advantages. The standards established by Committee D10 pertain to both the
constituent materials of a package and its performance characteristics. Single use systems provide a more intelligent approach
to pharmaceutical and biopharmaceutical production by minimizing the risk of contamination for vaccines and
pharmaceuticals. The product safety will be supported by the standards being created by Committee ES5. Practices will aid
in assessing the integrity of equipment and systems during manufacturing, among other things. The standards established by
ASTM Committee E57 are propelling the advancement of 3D imaging systems by promoting uniform and precise language,
hence enhancing user trust in system functionality [46]. Methods for assessing the efficiency of 3D imaging systems with
greater capacities, often used in construction, aerospace, and other industries, are already accessible. Additionally, there is a
suggested standard for evaluating the performance of systems used to monitor items in manufacturing facilities.

Enhancing the sustainability of manufacturing involves considering social, environmental, and financial aspects and
using resource-efficient strategies. These elements are in line with smart manufacturing since they facilitate more efficient
operations, decrease energy usage, and so on. The ASTM Subcommittee E60.13, which is part of the Committee E60 on
Sustainability, is presently engaged in the creation of standards that seek to establish clear definitions and classifications for
sustainable manufacturing processes. These standards will also address the proper handling of waste materials, including
carbon dioxide emissions and energy consumption. Additionally, the subcommittee aims to provide guidance for policy
implementation based on the findings of this study (E2986).

ASTM International's Committee on Sustainability E60 [47] has established a new subcommittee, E60.13, focused on
sustainable manufacturing (SM). The primary objective of this subcommittee is to advance and streamline environmentally
friendly manufacturing processes. The subcommittee E60.13 is currently developing four standards: WK38312, which
focuses on new comments and actions related to facilities waste classification; WK35702, which introduces new guidelines
for evaluating biological sustainability in process analysis; WK35705, which provides new guidelines for defining long-
lived MP; and WK35703, which presents a new glossary of standard terms in SM. NIST is assuming a key role in the
initiatives of the E60.13 subcommittee.
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ASTM AM Technology

The F42 committee, focused on additive manufacturing technologies, consists of individuals from several sectors including
startups, established enterprises, trade organizations, academia, and government. The organization has convened since 2009,
coinciding with the emergence of the extensive prospects for additive manufacturing [48]. The committee's founders
acknowledged the need for strong global standards in this rapidly expanding domain. They have established criteria that
facilitate the implementation and acceptance of additive manufacturing for a wide range of materials and techniques. These
standards provide a universally recognized framework, widely accepted criteria for AM materials, guidelines for these
emerging technologies, and other benefits. ASTM International's additive manufacturing standards, including both existing
major standards and proposed standards, are continuously improving in terms of their strength, level of detail, and specificity
to different applications.

Consequently, companies worldwide are manufacturing components and goods with ever higher standards of excellence
and performance. ASTM International facilitates cooperation among all stakeholders of standards by offering physical
meeting spaces, internet tools, discussion places, and balloting options that are available 24/7. The purpose of ASTM's AM
Technology standards is to enhance understanding of the industry, foster research, and promote the use of technology. ASTM
Committee F42 is responsible for developing standards that include nomenclature, performance measurement of various
manufacturing processes, quality assurance of final products, and calibration methods for AM machines. The ASTM F42
complex subcommittees are now focused on developing standards for many aspects including processes and materials,
nomenclature, data and design formats, and test methods [49][50]. NIST takes an active role in leading some initiatives
within the ASTM F42 subcommittee. ASTM and ISO International have recently entered into an agreement to enhance
collaboration in the joint development of International Standards for AM.

VI. CONCLUSION

When discussing, comprehending, and implementing SM, it is crucial to possess information about sustainability and its
corresponding measures. Sustainability is a multifaceted term that has been subject to many definitions and interpretations
among individuals. The sustainable advancement concept was popularized by the Brundtland Commission, which defined it
as the kind of advancement that ensures the satisfaction of current demands without jeopardizing the capacity of upcoming
generations to accomplish their needs. Additive manufacturing is a very promising method for constructing intricate forms,
personalized components, or limited quantities of items. This technique eliminates the need for producing molds or using
machining processes, which may be inefficient and time-consuming. Further endeavors are required to expedite the
development of additive manufacturing technologies for crucial components and large-scale production. The sustainability
features of AM may provide firm with benefits to use this technology. However, presently there is an insufficiency of
measurement science to fully comprehend the sustainability of additive manufacturing. Consequently, in this research, we
first provided relevant material about the environmental consequences of AM. Subsequently, we presented a framework for
a sustainability characterization guide that can be used as a point of reference by the community to evaluate AM procedures
in terms of sustainability. The guide is currently in the process of being officially established and is currently an active
project within the ASTM E60.13 committee. Ultimately, we provided a depiction of pertinent ASTM standards groups.
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