
J RES NATL INST STAN  Mani et al. 2013 

 1 

Sustainability Characterization for Additive Manufacturing 

 

Mahesh Mani, Kevin W. Lyons, S.K. Gupta 

 

 

Abstract: Additive manufacturing (AM) has the potential to create geometrically 

complex parts that require a high degree of customization, using less material and 

producing less waste. Recent studies have shown that AM can be an economically viable 

option for use by the industry, yet there are some inherent challenges associated with AM 

for wider acceptance. The lack of standards in AM impedes its use for parts production 

since industries primarily depend on established standards in processes and material 

selection to ensure the consistency and quality. Inability to compare AM performance 

against traditional manufacturing methods can be a barrier for implementing AM 

processes. AM process sustainability has become a driver due to growing environmental 

concerns for manufacturing. This has reinforced the importance to understand and 

characterize AM processes for sustainability. Process characterization for sustainability 

will help close the gaps for comparing AM performance to traditional manufacturing 

methods. Based on a literature review, this paper first examines the potential 

environmental impacts of AM.  A methodology for sustainability characterization of AM 

is then proposed to serve as a resource for the community to benchmark AM processes 

for sustainability. Next, research perspectives are discussed along with relevant standards 

efforts.  
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1. Introduction 

Additive Manufacturing is increasingly used in the development of new products, 

spanning conceptual design, functional parts, and tooling. Additive Manufacturing (AM) 

as it is now called according to ASTM [ASTM F2792] is also referred to as rapid 

prototyping, additive fabrication, freeform fabrication, 3D printing, and rapid 

manufacturing; and uses advanced technologies to fabricate parts by joining and building 

up material layer-by-layer. AM is an emerging technology and has shown promise in 

applications as diverse as biomedical implants to aerospace and automotive industry 

[Hopkinson et al. (2006); Gibson et al. (2010); Mechels et al. (2012); Murr et al. (2010); 

Salmi et al. (2011); Wohlers (2010-11); Ivanova et al. (2011)]. The ability of AM to build 

parts directly from a digital representation makes it an excellent alternative compared to 

traditional manufacturing like machining, injection molding, and die-casting for rapidly 

making highly customized parts. Note that while AM is inherently suited for making 

products with complex geometry in relatively small volumes, it has shown that it can 

conveniently accelerate mass production by making tools and dies used in large volume 

manufacturing. It can also accelerate the production of selected parts by combining 

multiple parts into one. The variety of raw materials used in AM currently includes 

metallic, plastic, ceramic, or composite materials in different forms, such as powders, 

wires, or liquid. Due to the differences in AM technologies and processes, functional and 

geometrical properties of manufactured parts can vary dramatically. Planning decisions to 
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select the appropriate AM process and material for specific application requirements are 

rather involved [Scott et al. (2012)]. Several researchers have well documented the 

opportunities of AM processes and techniques, their applications in diverse industry 

sectors, and the influence of AM in production systems to enable rapid manufacturing 

and mass production [Aliakbari (2012); Wong & Hernandez (2012); Harris (2012)].  

However, research is still required to fully realize the potential of AM processes to 

overcome the barriers of cost for materials property data, qualification, and certification, 

particularly for critical components (aerospace parts or automotive parts). AM processes 

that have been previously categorized by different researchers [Levy et al. (2003); 

Hopkinson (2010); Gibson et al. (2010); Hartke (2011)], and have now been standardized 

by the ASTM International Committee F42 on AM Technologies [ASTM F2792] into the 

seven classes as shown in Figure 1. According to [DOC, 2012] “the expected long-term 

impact is in highly customized manufacturing, where AM can be more cost-effective than 

traditional methods. According to an industry report by Wohlers Associates, by 2015 the 

sale of AM products and services could reach $3.7 billion worldwide, and by 2019, 

exceed $6.5 billion.” 

 

 

 
 

Figure 1 AM Process Technology Categories as per ASTM F42 

2. Additive and Sustainable Manufacturing  

 

Sustainable manufacturing is defined as the creation of manufactured products that use 

processes that minimize negative environmental impacts, conserve energy and natural 

resources, are safe for employees, communities, and consumers, and are economically 

sound [DOC, 2011]. When assessing sustainability of AM process or any manufacturing 

process, one must consider the entire life cycle to arrive at the sustainability impact. The 

actual manufacturing process is only one of the many environmental impacts associated 

with the product life cycle.  

 There is not much hard data yet on how AM products compare to traditionally 

manufactured products in terms of energy use, supply chain, pollution, and other 
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potential environmental impacts over their lifetime [Grunbaum (2012)].  

The manufacturing sector accounts for approximately one-third of U.S. energy 

consumption [ORNL (2012), Manufacturing Institute (2012)]. Reducing energy 

consumption and associated energy costs through increased energy efficiency measures 

helps strengthen the economic vitality of U.S. manufacturers while also helping to protect 

our environment. Energy efficiency, as well as the cost and availability of energy, 

consequently have a substantial impact on the competitiveness and economic health of 

U.S. manufacturers [EERE, 2004]. 
 

Table 1: Key AM Advantages Relevant to Sustainable Manufacturing 

 

 Less waste because of the nature of the additive process, unlike parts that 

are stamped or sculpted out of a larger piece of material 

 No specialized tooling or fixtures required for AM 

 Ability to build functionally light weight parts, while maintaining strength 

 Reduces the need for large amounts of raw material within the supply chain 

and transportation.  

 Largely material efficient when compared with traditional machining and 

casting  

 Ability to produce optimized geometries with near-perfect (compared with 

wrought material) strength-to-weight ratios 

 Less impact of the part over its life cycle, resulting in a lower carbon 

footprint, less embodied energy, and better economic model 

 Ability to create on-demand spare parts, reducing or eliminating inventory 

 

 

3. Literature Review on Environmental Impacts of AM 

 

Bourell et al. (2009) presented a historical perspective along with the most recent 

developments in the field of the AM technology. They further reported on a U.S. national 

roadmap workshop to define research needs and possibilities for AM in the next 10-15 

years. This research documented several AM research recommendations, including some 

in energy and sustainability applications. Specific research recommendations included: 

design energy system components to take advantage of AM capabilities; pursue 

maintenance, repair, and overhaul (MRO) as a potential AM application; develop 

equitable indicators for measuring sustainability in AM processes and products; and 

identify sustainable engineering materials for AM processes. 

 More recently, the Roadmap Workshop on Measurement Science for Metal-Based 

Additive Manufacturing sponsored by the National Institute of Standards and Technology 

(NIST) explored the challenges that impede AM widespread adoption, particularly in the 

areas of measurement science and standardization (Energetics Incorporated, 2013). With 

reference to sustainability, the roadmap highlighted that AM could greatly reduce the 

waste in manufacturing, reducing the energy used in production of raw materials and in 

the processing steps. By using AM for repair and remanufacturing, not only will the 
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material waste and amount of landfill be reduced, but also energy and matter 

consumption during manufacture will be reduced because existing components are 

utilized. The roadmap also identified a lack of measurement standard for total energy 

input and losses for AM.  

 Baumers et al. (2011) presented a comparative assessment of the electricity 

consumptions of two major polymeric Laser Sintering platforms: the Sinterstation 

HiQ + HS from 3D Systems and the EOSINT P 390 from EOS GmbH. The energy inputs 

for building two prosthetic parts were recorded during power-monitoring experiments 

conducted on both platforms. The paper presented AM energy usage as job-dependent, 

time-dependent, geometry-dependent, and Z-height-dependent energy consumption 

values. In another paper [Baumers et al. (2011)], the authors presented an overview of 

electrical consumption across several major AM technology variants, reporting specific 

energy consumption during the production of dedicated test parts.  

Diegl et al. (2010) presented how aspects of AM, from a sustainable design 

perspective, could become a useful tool to bring about the sustainable design of consumer 

products. The paper emphasized the relationship between design quality and 

sustainability. Some of the principal design considerations to keep in mind when 

designing for AM include: enclosed voids, surface finish, strength and flexibility, and 

machine and material cost.  

Scott et al., (2012) presented the state of the industry for AM and in particular the 

technical challenges and emerging research and development in the area. The technical 

challenges included material characterization, material development, process control, 

process understanding and modeling, machine qualification, machine modularity, and 

design tools and software. With reference to the environmental impact, the report 

highlighted the need to develop equitable metrics for measuring the environmental 

impacts and sustainability of AM processes.  

Hao et al., (2010) presented research activities on sustainable product design by 

optimizing internal lightweight structures; process efficiency improvement by optimizing 

AM process parameters; reduction of energy consumption by in-situ material reaction; 

and sustainable production of personalized chocolates.  

Faulkner et al. (2012) presented a methodology to prepare a sustainable value 

stream mapping which includes various metrics to evaluate not only the economic 

performance, but also the environmental and societal sustainability performance of a 

manufacturing line. Metrics were selected to assess process water consumption, raw 

material usage, energy consumption, potential hazards concerning the work environment, 

and the physical work done by the employees. 

Ellis et al. (2009) proposed that with a wider suite of metrics in remedial program 

decisions, more holistic and sustainable decisions are made. Reducing the inherent 

consumption of energy, raw materials, and other consumables is the most significant 

opportunity for implementing more sustainable remedial actions. The traditional remedial 

technology evaluation process does not assess greenhouse gas emissions, natural resource 

consumption, energy use, worker safety, and/or local and regional impacts.  

Sustainability indicators and composite index are increasingly recognized as a 

useful tool for policy making and public communication in conveying information on 

country and corporate performance in fields such as environment, economy, society, or 

technological improvement. Singh et al. (2009) proposed by visualizing phenomena and 
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highlighting trends, sustainability indicators simplify, quantify, analyze, and 

communicate otherwise complex and complicated information. 

Kinderyte (2011) presented an approach to assess sustainability of printing 

enterprises. The approach consisted of qualitative and quantitative parts and a composite 

index. Qualitative and quantitative parts are aggregated into one improved sustainability 

index. The main areas identified for improvement in printing enterprises were: use of 

more ecological paper, paints, and other resources; reduction of volatile organic 

compounds and use of renewable energy.  

Sreenivasan et al. (2010) presented an overall energy assessment for selective 

laser sintering (SLS) of polymers using eco-indicators. They also presented the 

electrochemical deposition of porous SLS non-polymeric preforms with a goal to reduce 

energy consumption in SLS of non-polymeric materials.  

Hiller and Lipson (2009) demonstrated a freeform fabrication system that prints 

with fully reusable physical voxels and minimal recycling. This new paradigm of digital 

(discrete) matter enables any number of materials to be printed together in any 

configuration. The research presents opportunities for flexible desktop fabrication 

processes in which 3D multi-material objects are fully recyclable and re-usable with 

minimal infrastructure. 

Nopparat and Kianian (2012) investigated the benefits of accessing the AM 

technology through the result-oriented Product-Service Systems (PSS) approach in the 

scale model kit industry, thereby quantifying raw materials and energy consumption. The 

result shows that AM has higher efficiency in terms of raw material usage, however it has 

higher energy consumption in comparison to the more traditional manufacturing 

techniques.  

Le Bourhis et al. (2013) presented a new methodology where all flows consumed 

(material, fluids, electricity) are considered in the environmental impact assessment. The 

proposed method coupled a global view required in a sustainable approach and an 

accurate evaluation of flow consumption in the machine. The methodology developed 

was based on a predictive model of flow consumption defined from the manufacturing 

path and Computer Aided Design (CAD) model of the part that will be produced.  

Diegel et al. (2010) examine how aspects of AM, from a sustainable design 

perspective, could become a useful tool to bring about sustainable design of consumer 

products. As AM technologies evolve, and more new materials become available, and 

multiple material technologies are further developed, the field of product design has the 

potential to greatly change. 

Bertling et al. (2011) presented the sustainability aspects for two distinct 

development directions in Direct Digital Manufacturing: the replacement of industrially 

established processes by AM and the FabLab movement as an example of a paradigm 

shift in consumer-producer-relationship. In general, the paper suggested that in order to 

reduce the ecological footprint of consumption decisively, the whole system of producing 

and consuming needs to be innovated. The study also suggested that participation, 

collaboration, and self- fabrication increase the responsibility of everybody, which should 

be an excellent base for a sustainable consumer- producer-relationship. 

Isanaka & Liou (2011) summarized the roles of AM technologies to help establish 

a Cyber-Enabled Manufacturing environment by printing or embedding sensors and 

actuators in the proper locations. Such a networked environment is vital for sustainable 
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quality control, and timely and predictive maintenance of the manufacturing equipment. 

Brackett et al. (2011) presented an overview of the issues and opportunities for 

the application of topology optimization methods for AM. The paper discussed analysis 

issues such as maximum geometric resolution for fine features, manufacturing 

constraints, and workflow modifications required to handle the geometric complexity in 

the post optimization stages. The manufacturing issues discussed included the potential 

for realizing intermediate density regions, in the case of the solid isotropic material with 

penalization (SIMP) approach, the use of small scale lattice structures, the use of multiple 

material AM processes, and an approach to including support structure requirements as a 

manufacturing constraint.  Material and material-specific process development are key 

drivers toward realizing energy efficiency and reducing environmental footprint.  

Morrow et al. (2007) investigated three case studies to demonstrate the extent to 

which Direct Metal Deposition (DMD)-based manufacturing of molds and dies can 

currently achieve reduced environmental emissions and energy consumption relative to 

conventional manufacturing pathways. Laser-based remanufacturing of tooling also 

seems to reduce cost and environmental impact simultaneously, especially as the scale of 

the tool increases. 

Huang et al. (2012) presented the societal impact of additive manufacturing from 

a technical perspective. Their paper highlighted additive manufacturing in the following 

areas: customized healthcare products to improve population health and quality of life, 

reduced environmental impact for manufacturing sustainability, and simplified supply 

chain to increase efficiency and responsiveness in demand fulfillment. They highlighted 

the need for further research in the areas of life cycle energy consumption evaluation and 

potential occupation hazard assessment for additive manufacturing. 

Bonnard et al. (2010) proposed to use the STEP-NC concept, which contains 

high-level information such as simulation data, multi-material parts and inner structures. 

in order to integrate AM processes in a complete STEP-NC digital chain in accordance 

with ISO TC 184/SC 1 standards. The purpose of the proposed numerical chain was to 

define a global process control from knowledge of process obtained from 

experimentation, measurements, and simulations. Sustainability can potentially be a goal 

in such global process control. 

4. Sustainability Characterization 

 

More recently the sustainable benefits of AM have been widely hypothesized both by 

industry and academia. But to promote the widespread implementation of the technology, 

we need scientific data through established measurement methods [Reeves (2012)]. 

There has been reported work on performance evaluation for AM processes 

[example: Ippolito et al. (1995); Mahesh et al. (2004); Moylan et al. (2012)]. Appropriate 

benchmark parts have been designed for performance evaluation of AM systems and 

processes, and provide helpful decision support data. Several benchmark studies have 

been carried out to determine the levels of dimensional accuracy and surface quality 

achievable with current AM processes. Besides the process and the material, there may 

be other factors, such as the building style and specific process parameters that may 

affect the accuracy and finish of the part. Moving towards sustainable manufacturing, 

measurement science methods need to be developed and standardized for AM to assess 
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and value the impacts of sustainability. 

 

 

4.1 Sustainability Characterization Methodology 

 

Today manufacturing industries are being forced to create and deliver quality products 

while decreasing their environmental impact [EPA, 2003].  Transforming the 

environmental practices of manufacturing companies from a human experience base to 

science-based practices can be achieved through science-based sustainability 

characterization [Mani et al., 2012].  This characterization will include information for 

various performance indicators, which will be crucial in determination of the 

sustainability of a unit manufacturing process (UMP).  UMPs are the individual steps that 

transform raw material into a finished product by adding energy [NRC, 1995]. Selective 

Laser Sintering, Stereo Lithography, and Fused Disposition Modeling are examples of 

UMPs applicable to the category of AM. 

 Figure 2 presents an outline of a proposed sustainability characterization guide to 

provide a measurement framework for improving the sustainability of manufacturing 

processes and for consistently comparing different manufacturing processes for 

sustainability. The guide is yet to be formally developed and is presently an active Work 

Item within the ASTM E60.13 standards subcommittee [ASTM, 2012] on sustainability 

characterization for manufacturing processes.  In general, the proposed sustainability 

characterization guide includes four main steps. Step 1 involves understanding the 

process physics and collecting relevant data pertaining to the process. Step 2 includes 

performing the actual sustainability characterization  [Mani et. al, 2011]. Here the first 

part consists of defining the key performance indicators and their common computable 

metrics.  Performance indicators can be broken down into two categories: input and 

output indicators.  Examples of input indicators include water use, energy use, and 

material use.  Examples of output indicators include product, solid waste, liquid waste, 

and air emissions [OECD, 2011].  The second part of the methodology involves 

determining analytics that can be used to calculate UMP sustainability, and incorporating 

the analytics within an information model.  The third part involves applying 

manufacturing process-specific data sets to provide evidence in support of the 

information models and enable execution of computable metrics. This generates the life 

cycle inventory (LCI) data specific to the process. Step 3 of the sustainability 

characterization guide could include comparing the sustainability related data generated 

against other manufacturing processes or industry averages in general. Based on the 

results from Step 3, an action plan for improvement is developed in Step 4. The authors 

suggest that AM processes must be characterized for sustainability to truly understand 

and appreciate the environmental impact beyond just postulations and suggestions based 

on statically insignificant data. 
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Figure 2 Sustainability Characterization Guide 

 

When characterizing for sustainability, all aspects of the entire AM process from 

raw material preparation to pre-processing, actual fabrication, post-processing, to final 

part must be meticulously examined and appropriate measurement methods determined to 

account for sustainability. Comparisons to established processes, such as powder 

metallurgy which is considered sustainable since it can use recycled material [Dale, 

2011], will need to be performed to better understand the sustainability aspects. A way to 

theoretically model sustainability for AM needs to be investigated. Prior research to 

theoretically model sustainability of other manufacturing processes based on energy use 

[Watkins et al. (2013); Madan et al. (2013)] can be useful. 

As a disruptive technology there are potential benefits that could be realized with 

the use of AM in production of end-usable and critical parts. More importantly there is 

the potential for AM to boost the sustainability of the manufacturing industry in 

economic, environmental, and social terms.  AM is particularly suited for industries in 

which mass customization, light weighting of parts, and shortening of the supply chain 

are economically valuable, particularly in fields such as the medical, dental, automobile, 

and aerospace industries [White and Lynskey (2011)].  

5. Research Perspectives 

 

There are still research gaps to be explored to understand and characterize sustainability 

of AM processes. Science-based sustainability characterizations for different AM 

technologies and processes need to be developed. Sustainability metrics and the 

corresponding measurement science need to be developed in conjunction with standards 
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organizations and other standards development efforts. Besides these, the general 

challenges and research for AM to achieve a wider range of applications are still relevant 

and applicable to promote sustainability [(DOE, 2012); Reeves (2012)].  These 

challenges include:  process control with better feedback control systems and metrics to 

improve the precision and reliability of the manufacturing process; improved surface 

finishes of products; validation and demonstration for structural integrity of components; 

extensive testing, demonstration, and data collection for decision support; energy and 

material efficient AM systems; efficient processes to create metal powders and maintain 

shelf life; efficient post-processing; non-toxic and reusable materials; material and multi-

material recycling and reuse strategies; integration of existing waste  streams; alternative 

materials; carbon mapping tools; improved support structures generation strategies  with 

less waste; design optimization and simulation tools for minimizing material and 

maximizing process efficiency; closed-loop remanufacturing solutions; development of 

distributed supply chain models; and models for reverse logistics and application-specific 

solutions. 

6. Relevant ASTM Standards Organizations 

 ASTM International develops standards relevant to both sustainable manufacturing and 

AM. 

 

6.1 ASTM Sustainable Manufacturing 

To facilitate the development and use of sustainable manufacturing processes, ASTM 

International’s Committee E60 on Sustainability has created a new subcommittee, E60.13 

on Sustainable Manufacturing [ASTM, 2012]. The subcommittee E60.13 is currently 

pursuing four standards’ work items namely: WK35702, Practice for Materials and 

Energy Information Modeling for Sustainable Products; WK35703, Terminology for 

Sustainable Manufacturing; WK35705, Guide for Sustainability Characterization of 

Manufacturing Processes; and WK38312, Specification for the Classification of 

Manufacturing Wastes and Associated Claims. NIST is playing a leadership role in the 

E60.13 subcommittee efforts. 

  

6.2 ASTM AM Technology 

ASTM's AM Technology standards are intended to promote knowledge of the industry, 

help stimulate research, and encourage the implementation of technology. The standards 

are developed by ASTM Committee F42 and define terminology, measure the 

performance of different production processes, ensure the quality of the end products, and 

specify procedures for the calibration of AM machines. The ASTM F42 technical 

subcommittees are working towards standards in materials and processes, terminology, 

design and data formats, and test methods [ASTM, 2011]. NIST actively leads some of 

the ASTM F42 subcommittee efforts.  

 

More recently ISO and ASTM International signed an agreement to increase cooperation 

for co-developing International Standards for AM [ISO Focus, 2012]. 

http://www.astm.org/COMMITTEE/E60.htm
http://www.astm.org/WorkItems/WK35702.htm
http://www.astm.org/WorkItems/WK35703.htm
http://www.astm.org/WorkItems/WK35705.htm
http://www.astm.org/WorkItems/WK38312.htm
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7. Conclusion 

 

Additive manufacturing is a promising approach to build complex shapes, customized 

parts, or small batches of products where creating a mold or using a machining process 

would be wasteful and time consuming. More efforts are needed to accelerate the 

maturity of AM technology for critical components and mass production. The 

sustainability aspects of AM may offer advantages for industry to embrace the 

technology. But today there is a lack of measurement science to truly understand AM 

sustainability. Accordingly in this paper, we first presented related literature on the 

environmental impacts of AM.  Next, we proposed an outline for a sustainability 

characterization guide to serve as a reference for the community to benchmark AM 

processes for sustainability. The guide is yet to be formally developed and is presently an 

active work item within the ASTM E60.13 committee.   Finally we presented research 

perspectives along with a description of relevant ASTM standards organizations. 

 

Disclaimer 

 
Certain products or services are identified in the paper to foster understanding. Such 

identification does not imply recommendation or endorsement by the National Institute of 

Standards and Technology, nor does it imply that the products or services identified are 

necessarily the best available for the purpose.  

 

8. References 

 

Additive Manufacturing: Pursuing the Promise, Energy Efficiency and Renewable, 

Department of Energy, DOE/EE-0776, August 2012. 

http://www1.eere.energy.gov/manufacturing/pdfs/additive_manufacturing.pdf 

Additive Manufacturing Technology Standards, http://www.astm.org/Standards/additive-

manufacturing-technology-standards.html 

Aliakbari, M. (2012). Additive Manufacturing: State-of-the-Art, Capabilities, and Sample 

Applications with Cost Analysis (Doctoral dissertation, KTH). 

ASTM F2792 - 12a F2792-12a Standard Terminology for Additive Manufacturing 

Technologies. 

http://enterprise.astm.org/filtrexx40.cgi?+REDLINE_PAGES/F2792.htm 

Baumers, M., Tuck, C., Bourell, D. L., Sreenivasan, R., & Hague, R. (2011). 

Sustainability of additive manufacturing: measuring the energy consumption of the 

laser sintering process. Proceedings of the Institution of Mechanical Engineers, Part 

B: Journal of Engineering Manufacture, 225(12), 2228-2239.  

Baumers, M., Tuck, C., Wildman, R., Ashcroft, I., & Hague, R. (2011). Energy inputs to 

additive manufacturing: does capacity utilization matter?. EOS, 1000, 270. 

Bertling, J., Blömer, J., Rechberger, M., & Schreiner, S. DDM–An Approach Towards 

Sustainable Production?. Young, 35(32), 30. 

Bonnard, R., Mognol, P., & Hascoët, J. Y. (2010). A new digital chain for additive 

http://www.astm.org/Standards/additive-manufacturing-technology-standards.html
http://www.astm.org/Standards/additive-manufacturing-technology-standards.html


J RES NATL INST STAN  Mani et al. 2013 

 11 

manufacturing processes. Virtual and Physical Prototyping, 5(2), 75-88. 

Bourell, D. L., Beaman, J. B., Leu, M. C., & Rosen, D. W. (2009). A brief history of 

additive manufacturing and the 2009 roadmap for additive manufacturing: looking 

back and looking ahead. In US-Turkey Workshop on Rapid Technologies. 

Bourell, D. L., Leu, M. C., & Rosen, D. W. (2009). Roadmap for additive manufacturing: 

identifying the future of freeform processing. The University of Texas, Austin. 

Brackett, D., Ashcroft, I., & Hague, R. (2011, August). Topology optimization for 

additive manufacturing. In 24th Solid Freeform Fabrication Symposium (SFF’11) 

(pp. 6-8). 

Dale, J. R. (2011). Powder metallurgy-intrinsically sustainable. International Journal of 

Powder Metallurgy, 47(1), 27-31. 

Diegel, O., Singamneni, S., Reay, S., & Withell, A. (2010). Tools for sustainable product 

design: additive manufacturing. Journal of Sustainable Development, 3(3), P68. 

Ellis, D. E., & Hadley, P. W. (2009). Sustainable remediation white paper—Integrating 

sustainable principles, practices, and metrics into remediation projects. Remediation 

Journal, 19(3), 5-114. 

Energy Use, Loss and Opportunities Analysis- U.S. Manufacturing and Mining, Prepared 

by Energetics, Incorporated and E3M, Incorporated For the U.S. Department of 

Energy Energy Efficiency and Renewable Energy Industrial Technologies Program, 

December 2004. 

http://www1.eere.energy.gov/manufacturing/intensiveprocesses/pdfs/energy_use_loss

_opportunities_analysis.pdf 

Environmental Protection Agency (EPA). Lean Manufacturing and the Environment. 

2003. 

Fact Sheet: Additive Manufacturing (2012), U.S. Department of Commerce 

http://www.commerce.gov/news/fact-sheets/2012/08/15/fact-sheet-additive-

manufacturing. 

Faulkner, W., Templeton, W., Gullett, D., & Badurdeen, F. (2012). Visualizing 

Sustainability Performance of Manufacturing Systems using Sustainable Value 

Stream Mapping (Sus-VSM). In Proceedings of the 2012 International Conference on 

Industrial Engineering and Operations Management (IEOM), Istanbul, Turkey. 

Geraedts, J. M. P., Doubrovski, E. L., Verlinden, J. C., & Stellingwerff, M. C. (2012). 

Three Views on Additive Manufacturing: Business, Research, and Education. TMCE. 

Gibson, I., Rosen, D. W., & Stucker, B. (2010). Additive manufacturing technologies: 

rapid prototyping to direct digital manufacturing. Springer. 

Grunbaum, M. (2012)  A Sustainability Scorecard for 3D Printing., Ecomagination,  

http://www.ecomagination.com/sustainability-scorecard-3d-printing 

Haapala, K. R., Zhao, F., Camelio, J., Sutherland, J. W., Skerlos, S. J., Dornfeld, D. A., & 

Clarens, A. F. (2011). A review of engineering research in sustainable manufacturing. 

ASME 

Hao, L., Raymond, D., Strano, G., & Dadbakhsh, S. (2010). Enhancing the sustainability 

of additive manufacturing. 

Hartke, Kevin. 2011. Manufacturing Technology Support (MATES). Wright-Patterson 

Air Force Base, OH. http://www.dtic.mil/dtic/tr/fulltext/u2/a551779.pdf 

Harris, I. D. (2012). Additive Manufacturing: A Transformational Advanced 

Manufacturing Technology-Additive manufacturing represents a new paradigm and 

http://www.dtic.mil/dtic/tr/fulltext/u2/a551779.pdf


J RES NATL INST STAN  Mani et al. 2013 

 12 

offers a range of opportunities for design, functionality, and cost. Advanced Materials 

and Processes, 170(5), 25. 

Hiller, J. D., & Lipson, H. (2009, August). Fully recyclable multi-material printing. In 

Solid Freeform Fabrication Symposium (SFF'09). 

Hopkinson, N., Hague, R., & Dickens, P. (Eds.). (2006). Rapid manufacturing: an 

industrial revolution for the digital age. John Wiley & Sons.  

Hopkinson, N. (2010). Additive manufacturing: technology and applications. Chicago. 

How does Commerce define Sustainable Manufacturing? 

http://www.trade.gov/competitiveness/sustainablemanufacturing/how_doc_defines_S

M.asp 

Huang, S. H., Liu, P., Mokasdar, A., & Hou, L. (2012). Additive manufacturing and its 

societal impact: a literature review. The International Journal of Advanced 

Manufacturing Technology, 1-13. 

Ippolito, R., Iuliano, L., & Gatto, A. (1995). Benchmarking of rapid prototyping 

techniques in terms of dimensional accuracy and surface finish. CIRP Annals-

Manufacturing Technology, 44(1), 157-160. 

Isanaka, S. P.  & Liou, F.  The Applications of Additive Manufacturing Technologies in 

Cyber-Enabled Manufacturing Systems, Missouri University of Science and 

Technology Rolla. 

ISO Focus+ The Magazine of the International Organization for Standardization, Volume 

3, No. 1, January 2012, ISSN 2226-1095. 

Ivanova, O. S., Williams, C. B., & Campbell, T. A. (2011, August). Additive 

Manufacturing (AM) and Nanotechnology: Promises and Challenges. In the 22nd 

International SFF Symposium—An Additive Manufacturing Conference, pp. 8-10. 

Kinderyte, L. (2011). Sustainability Assessment of Enterprises in Printing Industry. 

Environmental Research, Engineering and Management, 58(4), 59-64. 

Le Bourhis, F., Kerbrat, O., Hascoet, J. Y., & Mognol, P. (2013). Sustainable 

manufacturing: evaluation and modeling of environmental impacts in additive 

manufacturing. The International Journal of Advanced Manufacturing Technology, 1-

13. 

Levy, G. N., Schindel, R., & Kruth, J. P. (2003). Rapid manufacturing and rapid tooling 

with layer manufacturing (LM) technologies, state of the art and future perspectives. 

CIRP Annals-Manufacturing Technology, 52(2), 589-609. 

Madan, J., Mani, M. and Lyons, K.W. Characterizing energy consumption of the 

injection molding process. ASME International Manufacturing Science and 

Engineering Conference, Madison, Wisconsin, June 2013. 

Mahesh, M., Wong, Y. S., Fuh, J. Y. H., & Loh, H. T. (2004). Benchmarking for 

comparative evaluation of RP systems and processes. Rapid Prototyping Journal, 

10(2), 123-135. 

Mani, M., Madan, J., Lee, J. H., Lyons, K. W., & Gupta S.K., 2012. Characterizing 

Sustainability for Manufacturing Performance Assessment. Proceedings of the ASME 

2012 International Design Engineering Technical Conference & Computers and 

Information in Engineering Conference IDETC/CIE 2012, Chicago, IL, August 12-

15, 2012. 

Moylan, S.P., Slotwinski, J.A., Cooke, A.L., Jurrens, K.K., &  Donmez, M.A.(2012), 

Proposal for a standardized test artifact for additive manufacturing machines and 

http://www.trade.gov/competitiveness/sustainablemanufacturing/how_doc_defines_SM.asp
http://www.trade.gov/competitiveness/sustainablemanufacturing/how_doc_defines_SM.asp


J RES NATL INST STAN  Mani et al. 2013 

 13 

processes, Proceedings of the 23rd International Solid Free Form Symposium – An 

Additive Manufacturing Conference, Austin, TX, USA, August 2012, pp. 902-920. 

Measurement Science Roadmap for Metal-Based Additive Manufacturing, Workshop 

summary report, May 2013, Prepared by Energetics Incorporated, Columbia, 

Maryland, for the National Institute of Standards and Technology, U.S. Department 

of Commerce. 

Melchels, F. P., Domingos, M. A., Klein, T. J., Malda, J., Bartolo, P. J., & Hutmacher, D. 

W. (2012). Additive manufacturing of tissues and organs. Progress in Polymer 

Science, 37(8), 1079-1104.  

Morrow, W. R., Qi, H., Kim, I., Mazumder, J., & Skerlos, S. J. (2007). Environmental 

aspects of laser-based and conventional tool and die manufacturing. Journal of 

Cleaner Production, 15(10), 932-943. 

Murr, L. E., Gaytan, S. M., Medina, F., Lopez, H., Martinez, E., Machado, B. I., & 

Bracke, J. (2010). Next-generation biomedical implants using additive manufacturing 

of complex, cellular and functional mesh arrays. Philosophical Transactions of the 

Royal Society A: Mathematical, Physical and Engineering Sciences, 368(1917), 

1999-2032. 

National Research Council. Executive Summary. Unit Manufacturing Processes: Issues 

and Opportunities in Research. Washington, D.C.: National Academy, 1995. 1-10. 

Nopparat, N.,  & Kianian, B. (2012), ‘Resource Consumption of Additive Manufacturing 

Technology. 

http://www.bth.se/fou/cuppsats.nsf/all/09bd365d3f870eb2c1257a1b0024d352/$file/bt

h2012BABAK.pdf 

OECD (2011), 

http://www.oecd.org/document/48/0,3746,en_21571361_47075996_47855728_1_1_1

_1,00.html 

Reeves, P. (2012) Additive Manufacturing Sustainable Production for the 21st century, 

Technology White Paper, Econolyst Ltd. 

http://www.econolyst.co.uk/resources/documents/files/Paper%20-

%20Oct%202012%20-

%20Additive%20manufacturing%20and%20sustainable%20production.pdf 

Reeves, P., Additive Attractions,   

http://www.theengineer.co.uk/channels/supplements/additive-

attractions/1008420.article#ixzz2ZzR1HWf0 

Salmi, M., Tuomi, J., Paloheimo, K. S., Björkstrand, R., Paloheimo, M., Salo, J., & 

Mäkitie, A. A. (2012). Patient-specific reconstruction with 3D modeling and DMLS 

additive manufacturing. Rapid Prototyping Journal, 18(3), 209-214. 

Scott, J., Gupta, N., Weber, C. L., Newsome, S., Wohlers, T., & Caffrey, T. (2012). 

Additive Manufacturing: Status and Opportunities. Science and Technology Policy 

Institute, 1-29. 

Singh, R. K., Murty, H. R., Gupta, S. K., & Dikshit, A. K. (2009). An overview of 

sustainability assessment methodologies. Ecological indicators, 9(2), 189-212 

Standards for sustainable manufacturing http://www.astm.org/sn/update/standards-for-

sustainable-manufacturing-nd12.html 

Sreenivasan, R., Goel, A., & Bourell, D. L. (2010). Sustainability issues in laser-based 

additive manufacturing. Physics Procedia, 5, 81-90. 

http://www.theengineer.co.uk/channels/supplements/additive-attractions/1008420.article#ixzz2ZzR1HWf0
http://www.theengineer.co.uk/channels/supplements/additive-attractions/1008420.article#ixzz2ZzR1HWf0
http://www.astm.org/sn/update/standards-for-sustainable-manufacturing-nd12.html
http://www.astm.org/sn/update/standards-for-sustainable-manufacturing-nd12.html


J RES NATL INST STAN  Mani et al. 2013 

 14 

The Manufacturing Institute, The Facts About Manufacturing, 2012. 

http://www.themanufacturinginstitute.org/Research/Facts-About-

Manufacturing/~/media/A9EEE900EAF04B2892177207D9FF23C9.ashx.  

U.S. Manufacturing energy use and greenhouse gas emissions analysis, ORNL/TM-

2012/504, Prepared by ENERGETICS INCORPORATED Columbia, Maryland, 

November 2012. 

http://www.energetics.com/news/Documents/U.S._Manufacturing_Energy_Use_and_

GHG_Emissions_Analysis_final.pdf 

Watkins, M., Mani, M., Lyons, K.W., &  Gupta, S.K. (2013). Sustainability Analysis for 

a Die Casting Process. ASME International Design Engineering Technical 

Conference & Computers and Information in Engineering Conference, August 2013. 

White, G., & Lynskey, D. Economic analysis of additive manufacturing for final 

products: an industrial approach. 

Wohlers, T. (2010). Additive Manufacturing State of the Industry. Wohlers Report.  

Wohlers, T. (2011). Wohlers Report 2011: Additive Manufacturing and 3D Printing State 

of the Industry Annual Worldwide Progress Report. Wohlers Associates. 

Wong, K. V., & Hernandez, A. (2012). A Review of Additive Manufacturing. ISRN 

Mechanical Engineering, 2012. 

 

 

 

 


