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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Emergent technologies and additive manufacturing have a significant role in shaping the future of manufacturing, enabling companies to 
produce complex products and parts in a more efficient and sustainable way. However, companies are struggling to identify and achieve the full 
potential of the technology from a sustainability perspective. The purpose of this paper is to develop a checklist to assess the sustainability 
performance of additive manufacturing adoption and exploitation, based on secondary data from the academic literature, technical reports, and 
company cases. Results rely on the identification of critical sustainability aspects for additive manufacturing and key performance indicators. 
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1. Introduction 

Advanced manufacturing technologies play a key role in 
increasing the prosperity of national economies while 
contributing to the 12th Sustainable Development Goal (SDG) 
for responsible production and consumption [1–3]. 
Implementing sustainability principles in manufacturing is a 
complex challenge, forcing companies to confront dilemmas 
and make decisions with conflicting objectives and values. It 
is necessary to consider the long-term impacts of 
manufacturing process selection and utilization [4,5]. 

Differences and opportunities between additive 
manufacturing (AM) and conventional manufacturing (CM) 
are, among others: enable complex designs; reduce extraneous 
material, scrap and waste; use little or no tooling; shorter lead 
time; on-demand manufacturing, component upgrade, and 
competitive small batches production [2].  

There are different factors linking AM technologies with 
more sustainable operations, among others: resource 
efficiency; extended product life; lean supply chain (just-in-
time), eliminating work-in-process and stock obsolescence; 
potential benefits on workers’ health and safety (e.g. with less 
exposure to toxic materials and/or potential hazardous work 
environments); and customers’ engagement [2,6,7]. 

However, it is important to highlight that some of these 
aspects are challenging to quantify and highly context-
dependent, thus cannot be generalized across cases. Frăţilă 
and Rotaru [8] state that some aspects can be related to 
manufacturing strategy, machine usage, among others.  

Besides potential benefits, previous studies identified 
issues that also need to be considered, as listed by Rejeski et 
al.[9]: fusion methods can consume more energy than 
traditional ones; emissions of particulates and volatile organic 
compounds can be harmful to workers’ health; waste is 
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generated in non-industrial settings; gaps in the use of 
biodegradable or bio-based materials; limited data availability 
for Life Cycle Assessment (LCA); regulatory structures; and, 
socio-environmental impacts due combination of AM 
processes/materials with other technologies/processes.  

It is necessary to verify when AM can be considered a 
sustainable manufacturing process [7]. Thus, this paper 
intends to answer: How can we assess if adoption of AM 
technologies in production is a more sustainable solution? 
This paper contributes on presenting best practices related to 
energy use, waste, and occupational health and safety related 
to AM adoption, and translate into a set of checkpoints.  

The checklist attempts to complement existing literature on 
aspects to take into consideration when deciding whether to 
implement AM in production or not. In addition, the links 
between benefits of AM implementation and the transition 
towards meeting the UN SDGs [3] become more explicit. 

To explore and organize the data, the paper is structured in 
four sections: review of the use of AM for sustainable 
production; research design; organization of the extracted data 
and development of the checklist requirements; and, final 
thoughts and future research directions. 

2. Sustainability implications for Additive Manufacturing 

As described by Gimenez et al. [10], economic aspects of 
sustainability are mainly operationalized as manufacturing 
costs; environmental aspects are linked to energy and material 
efficiency, waste and emissions reduction; while social 
aspects focus on employees, customers and communities. 

It is necessary to adopt a system approach to understand 
how AM can be used in production, beyond its capabilities as 
an individual technology solution. The effectiveness of all 
systems and sub-systems, resources and activities, will be 
responsible for the whole system performance [1,2]. 
However, there is a gap, as exemplified by Peng et al. [11] 
and on-going standards’ development and improvement, who 
reported that parameters for quality insurance are being 
developed but, in most cases not considering sustainability 
impacts (e.g. increased process time impacts and need of 
finishing processes increasing energy consumption). 

AM creates opportunities for companies to adopt service-
based business models (e.g. leasing and maintenance), 
benefits on transportation and supply chains resulting from 
simplified assembly design with fewer components, and better 
overall resource efficiency through more knowledgeable (and 
thereby effective) deployment of AM-based production 
systems and value chains [2]. Table 1 lists some of the 
sustainability advantages from a life cycle perspective. 

Table 1. Sustainability advantages of AM over the product life cycle stages. 

Life cycle Advantages  
Design  Improved functionality, durability, upgradability, resource 

efficiency and toxicity, upcycling, etc. 
Production  Reduced energy intensity and waste, resource-efficiency, etc. 
Use Lightweight, operational efficiency, functionality, durability, 

less repair time, etc. 
End-of-life Acceptance of recycled or by-products materials as input, 

remanufacturing, upgradability, etc. 
Source: adapted from [2, p.1584] 

Kellens et al. [12] compared AM vs CM processes and 
some examples are organized in Table 2. The authors stated 
that, to evaluate the full environmental impact of 
manufacturing, all resources, direct and indirect emissions 
must be accounted for, but a more holistic view of the 
production system also needs to be considered. For example, 
strategically decentralized AM has the potential to reduce 
transportation impacts, avoid inventory and distribution 
problems. However, centralized AM can be a better strategy 
in uncertain conditions or on the short term [2,12]. The 
authors summarized that, in its current state, AM can be a 
good choice for producing customized parts or small batches, 
and complex part designs enabling more functional 
advantages in the use phase. 

Table 2. Benefits (+) and weaknesses (-). 

Type Benefits (+) and weaknesses (-) 
Social Safety & health risks for workers and the environment (--), 

industrial employment (+/-), better working conditions (+) 
Economic Cost of part manufacturing (--), longer manufacturing time 

(-), limited part dimensions (-), shorter process and 
assembly chains (+), shorter lead times (++), fewer spare 
parts (++), on-demand manufacturing (++) 

Ecological Higher energy intensity (--), impact of manufacturing stage 
(--), need for support structures (-), fewer production waste 
(+/-), higher material efficiency (+), improved 
remanufacturability (+), weight reduction (++) 

Source: adapted from [12, p.5] 

Previous studies have also identified that it is necessary to 
measure different types of impacts to make a more sustainable 
choice in AM processes. Decisions should be made, for 
example, based on the demand (to decide to use dedicated 
printer or job shops services) and the type of the machine (e.g. 
under certain conditions, some 3D processes can reduce 
worker exposure to toxins). Other aspects to be considered: 
material and energy efficiency; industrial waste management; 
manufacturing costs, avoidance of toxic materials and 
emissions; improvement of personnel health & safety; 
appropriated design (e.g. less parts and materials, more 
functionalities) and reparability, reusability, recyclability, and 
disposability of the products; and other social life cycle 
impacts (e.g. raw material extraction) [8,13,14]. 

Despeisse et al. [14] developed a four-step approach to 
consider sustainability implications for AM. The first step is 
about creating a vision based on the Sustainable Development 
Goals (SDGs). Table 3 illustrates how specific SDGs can help 
develop a sustainable vision for implementing AM, along 
with examples of performance indicators.  

Table 3. Examples of vision based on the SDGs. 

SDG Goal /Vision Targets  Indicators 
8 Promote inclusive 

and sustainable 
economic growth, 
and decent work. 

Improve global resource 
efficiency;  
Promote safe and secure 
working environments 

Material 
footprint 
Frequency of 
occup. injuries 

12 Ensure sustainable 
production patterns 

Env. manag. of 
chemicals and wastes 
throughout life cycle;  
Reduce waste 
generation through 
prevention, reduction, 
recycling and reuse 

Hazardous 
waste generated 
and treated 
Recycling rate, 
and tons of 
material 
recycled 

Source: [3] 
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Then the approach follows the process of technology road-
mapping to identify new business opportunities across all 
stages of the life cycle [15,16]: the second step is about 
identifying drivers for AM adoption (e.g. product 
differentiation through customization and personalization, 
reduced lead-time, innovation capabilities, etc.); the third step 
is about identifying new business opportunities for each stage 
of the product of service life cycle (e.g. product features, 
functionalities, service offers, etc.) to address the drivers of 
step 2; and finally the fourth step is about identifying the 
enablers (e.g. software, machines, new materials, quality 
standards knowledge and skills, etc.) to realize the 
opportunities identified in step 3. Therefore, trade-offs will be 
part of the decision process to achieve an optimum benefit. 

Considering this background, Figure 1 presents the 
implications of AM with 8 benefit dimensions connected to 
the SDGs, the triple bottom line (economic, environmental, 
social), and the relationships between them. As an example, 
the inner arcs are connecting these categories to the SDGs as 
each category of sustainability implications has the potential 
to address multiple SDGs; e.g. the benefit categories ‘D – 
Clean production and pollution prevention’ and ‘G – 
Sustainable sourcing’ link to SDGs 6 (water), 7 (energy), 9 
(industry and innovation), 12 (production and consumption), 
13 (climate action), and 15 (biodiversity) through sustainable 
management of natural resources, efficiency and safety 
measures in the manufacturing process, and waste and 
pollutants elimination. The eight dimensions represent 
recurrent benefits extracted from the literature and below is 
presented a brief explanation: 

A. Clear strategy & stakeholder collaboration - the purpose 
for adopting or integrating AM processes is linked with a 
clear vision contributing towards sustainability (SDGs), 
including promotion of global multi-stakeholder 
partnerships for sustainable development.  

B. Workers' health and safety - the adoption of AM 
technologies should not compromise the safety of the 
process, e.g. material toxicity and harmful effect on both 
human health and the environment [18]. 

C. Training and education - the current knowledge and skill 
shortage in industrial engineering calls for new education 
programs to develop a workforce to exploit the benefits 
offered by AM technologies [17]. 

D. Clean production and pollution prevention - the 
inherent nature of AM results in a minimal amount of 
physical waste. However, many of the impacts occurs 
beyond the manufacturing process itself. While AM can be 
more energy-intensive per unit produced, a make-to-order 
model can avoid over-production and storage of unsold 
parts and products, further reducing material waste and 
other unnecessary resource use.  

E. Quality control and standards - AM processes for end-
product are relatively immature compared to machining or 
injection molding, thus they suffer issues of reliability and 
quality. These have been addressed in the last 5 years with 
the ASTM and ISO standards regarding test methods for 
quality control and material characterization.  

Additive 
Manufacturing 

& the Global Goals

A
Clear strategy 
& stakeholder 
collaboration 
👥👥🌍🌍💰💰 B

Workers H&S
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C
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Fig. 1. Sustainability benefits for AM linked to the SDGs. 

F. Product performance - the design freedom and resulting 
new product functionalities enabled by AM can improve 
product performance during use, such as aesthetic forms, 
lightweight materials for fuel efficiency, or enhanced 
structural integrity improving product durability.  

G. Sustainable sourcing (energy/materials) - as discussed 
above, AM can be highly energy-intensive and thus, the 
energy-related air emissions can be a drawback of its 
implementation. Thus, it highlights the importance of 
shifting to low-carbon and renewable energy sources. AM 
can also promote more circular resource flows (e.g. 
reusable metal powder and recycled polymer filament) as 
well as enable profitable local and small-scale production 
systems. However, it is important to raise awareness on the 
implications of functionally graded or composite materials 
and integrated multi-material components, as these can 
hinder the repairability and recyclability of the product.  

H. Simplified supply chain, on-demand production - by 
changing the material required for production using AM 
technologies, new structure and relationships in material 
supply chains are established, especially in engineer-to-
order and make-to-order models for customized and 
personalized goods, where one must consider both the 
economies of scale and scope.  

The next sections present cases analysis and the checklist.  

3. Research Design 

This paper seeks to complement previous studies [2,15]. 
Therefore, additional cases were identified and collected 
during the review of industry and consultants’ reports (e.g. 
GE, PWC) and websites (e.g. All3DP). The sustainability 
benefits presented on Figure 1 were used to guide the 
selection of the cases, totalizing 14 case studies (Table 4). 
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Table 4. Additive manufacturing use cases. 

References  

Caterpillar 
1. “Caterpillar 2017 Sustainability Report” 

(https://www.caterpillar.com/en/company/sustainability/sustainabilit
y-report.html) 

2. “Design and business model considerations for heavy machinery 
remanufacturing” (https://www.ellenmacarthurfoundation.org/case-
studies/design-and-business-model-considerations-for-heavy-
machinery-remanufacturing) 

GE 
3. “Mind Meld: GE’s 3D Printing Summit Explores Additive 

Manufacturing’s Exponential Future” 
(https://www.ge.com/reports/just-press-print-ges-3d-printing-
summit-explores-manufacturings-exponential-future/) 

4. “Hot Off The Press: 3D Printing Has Pushed This Gas Turbine To 
New Highs” (https://www.ge.com/reports/hot-off-press-3d-printing-
pushed-turbine-new-highs/) 

5. “The 3D-Printed Age: Why This Futuristic Ohio Factory Is Proving 
Mark Twain Wrong” (https://www.ge.com/reports/3d-printed-age-
futuristic-ohio-factory-proving-mark-twain-wrong/) 

6. “Tour De Force: This Slovak Company Is 3D-Printing Bespoke 
Electric Mountain Bikes” (https://www.ge.com/reports/tour-de-
force-slovak-company-3d-printing-bespoke-e-bikes/) 

7. “Printing Heads: 3D Printing Has Launched A New Era In Aircraft 
Design” (https://www.ge.com/reports/printing-heads-3d-printing-
launched-new-era-aircraft-design/) 

8. “Transformation In 3D: How A Walnut-Sized Part Changed The 
Way GE Aviation Builds Jet Engines” 
(https://www.ge.com/reports/transformation-3d-walnut-sized-part-
changed-way-ge-aviation-builds-jet-engines/) 

Siemens 
9. “EOS Technology opens up new opportunities for industrial gas 

turbine maintenance cost reduction” 
(https://www.eos.info/press/customer_case_studies/siemens) 

Airbus 
10. “The Airbus Roadmap to Additive Manufacturing” 

(https://www.engineering.com/AdvancedManufacturing/ArticleID/1
5886/The-Airbus-Roadmap-to-Additive-Manufacturing.aspx) 

Renishaw 
11. “Making time for Holthinrichs Watches” 

(https://www.renishaw.com/en/making-time-for-holthinrichs-
watches--42651) 

12. “KOMET® GROUP innovates cutting tools using metal 3D printing 
technology” (https://www.renishaw.com/en/komet-group-innovates-
cutting-tools-using-metal-3d-printing-technology--42311) 

13. “Renishaw produces a prototype nose tip for the BLOODHOUND 
Supersonic car” (https://www.renishaw.com/en/renishaw-produces-
a-prototype-nose-tip-for-the-bloodhound-supersonic-car--31907) 

14. “Hydraulic block manifold redesign for additive manufacturing” 
(https://www.renishaw.com/en/hydraulic-block-manifold-redesign-
for-additive-manufacturing--38949) 

 
Considering the exploratory purpose of this paper, the 

cases are considered as supporting examples of successful 
implementation of AM rather than a representation of a 
population. The analysis was carried out to identify critical 
sustainability aspects for additive manufacturing during 
different life cycle stages defined by Ford and Despeisse [2], 
and performance indicators (KPIs). Data was organized in 
Excel sheets and the full table is not presented; a summary of 
the analysis is presented in the next two sections. 

4. Results 

This section starts by presenting results from the use cases 
analyses, Table 5 and 6 present a summary of analysis by case 
study. However, before discussing the cases, it is important to 
highlight that it was not possible to identify direct benefits 
connecting AM processes with workers health and safety, 
however, indirect effects can be linked to reduction of 
production steps (e.g. less welding or less exposition to other 
hazardous processes and materials). 

The main goal with the analysis was to identify emergent 
sustainable best practices across the cases, and results are 
reported by category of benefits reported, from most to least 
common. Results indicate that ‘Product Performance’ as a 
strong dimension to be considered, both to reach sustainability 
gains in production (e.g. case 9) as well as in the use-phase 
(e.g. cases 4 and 5). Caterpillar and Siemens highlighted the 
development of remanufacturing capabilities, focusing on the 
closing loop stage. GE, Airbus and Renishaw highlighted 
benefits during the production and use phases, e.g. design of 
lower weight parts with higher quality, improving equipment 
efficiency and energy consumption and reduction of logistics 
impacts. Examples of sustainability benefits linked to this 
dimension identified in the cases: enabling remanufacturing 
and reuse processes, extending products life-cycle (including 
improving quality/durability, promoting waste reduction, and 
creating employment (cases 1, 2, 8, 9, 10 and 14); reducing 
raw material usage and waste (case 2, 10, 11 and 13); 
reducing logistics impacts (case 3); reducing production 
process steps (case 9 and 12); reducing emissions and energy 
consumption in the use-phase (cases 3 and 4); partnerships 
(cases 5 and 14). 

Thus, considering the arcs connecting the SDGs, the 
‘Product Performance’ dimension can enable positive impacts 
on different SDGs 8 (employment), 9 (industry and 
innovation), 11 (air and waste), 12 (production and 
consumption), 13 (climate action), 15 (biodiversity), 17 
(partnerships).  

 

Table 5. Sustainability impacts on SDGs from the use cases. 

Case A B C D E F G H 
1 ✓ 

   
 ✓ ✓  

2 ✓ 
   

✓ ✓ ✓ ✓ 
3 

    
 ✓  ✓ 

4 
   

✓ ✓ ✓  ✓ 
5 ✓ 

 
✓ ✓  ✓  ✓ 

6 
  

✓ 
 

 ✓  ✓ 
7 

  
✓ 

 
 ✓  ✓ 

8 
  

✓ 
 

 ✓  ✓ 
9 

   
✓  ✓  ✓ 

10 
    

 ✓  ✓ 
11 

  
✓ ✓  ✓  ✓ 

12 
    

 ✓  ✓ 
13 

  
✓ 

 
✓ ✓ ✓  

14 ✓ 
   

✓ ✓  ✓ 
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Table 6. Sustainability impacts across the life cycle stage. 

Case Design Production Use Closing the loop 
1 

 
✓ 

 
✓ 

2 
 

✓ 
 

✓ 
3 ✓ ✓ ✓ 

 

4 ✓ ✓ ✓ 
 

5 ✓ ✓ ✓ 
 

6 ✓ ✓ ✓ 
 

7 ✓ ✓ ✓ 
 

8 ✓ ✓ ✓ 
 

9 ✓ ✓ ✓ ✓ 
10 ✓ ✓ ✓ 

 

11 ✓ ✓ 
  

12 ✓ ✓ 
  

13 ✓ ✓ 
  

14 ✓ ✓ 
  

 
Results also pointed ‘Simplified supply chain, on-demand 

production’, as a relevant dimension; e.g. enabling reverse 
logistics channels (case 2), reducing logistics impacts (cases 3 
and 9), customer engagement (cases 11 and 14), on-demand 
production (case 3), industry collaboration (cases 5 and 14). 
Considering the arcs connecting the SDGs, this dimension can 
enable positive impacts on SDGs 9 (industry and innovation), 
11 (air and waste), 12 (production and consumption), 14 
(oceans) and 17 (partnerships). 

The ‘Training’ dimension is relevant for developing 
capabilities to exploit sustainably the benefits offered 
by AM technologies, upgrade the technological capabilities of 
industrial sectors/ access to information and communications 
technology and promote employment (cases 2, 5 and 8) 
impacting on the SDGs 4 (education), 8 (employment), 9 
(industry and innovation). 

The ‘Clean production and pollution prevention’ benefits 
are connected with waste reduction and resource efficiency 
(cases 5 and 11), production scalability (case 4), reduction and 
simplification of the production steps and maintenance (case 
9). These benefits can impact the SDG 12 (production and 
consumption). The cases also pointed out that AM processes 
are maturing and providing better “Quality” in products, parts 
and equipment, obtained by remanufacturing (case 2), 
redesign (case 5), precise/accuracy manufacturing (case 13 
and 14). Possible impacts are expected on the SDGs 9 
(industry and innovation) and 12 (production and 
consumption). 

 ‘Clear strategy & stakeholder collaboration’, cases 1, 2, 5 
and 14 presented a clearer strategy connected with the SDG’s 
8 (employment), 12 (production and consumption), and 17 
(partnerships), through strategies focused on remanufacturing 
and reverse logistics, waste reduction in production, energy 
efficiency during use, and customer engagement.  

Results from Table 5 and 6 also indicate that AM can be 
considered a sustainable manufacturing process, helping to 
answer the question raised by Kai et al. [7]. Economic 
benefits are also presented in the cases but not explored in this 
paper, among others: cost reduction, reduced lead-times, and 
increased profit-margins. 

5. Synthesis of findings as a checklist 

The checklist seeks to support the evaluation of when the 
adoption of AM technologies in the production will represent 
a more sustainable solution. The first insight from the 
literature and the cases is that sustainability impacts need to 
be considered in all life cycle stages, but the design phase 
connected with ‘Product Performance’ dimension is the most 
critical to ensure positive impacts in other dimensions and 
across all life cycle stages. Second, ensure workers health and 
safe is also critical. The fact that it has not been explored in 
the cases raises a question if health and safety issues are still a 
challenge or whether they have been addressed with standard 
and complementary technical measures. 

The checklist is the first step in developing a self-
assessment tool. Thus, binary answers (yes/no) can be used to 
evaluate if the AM adoption will enable: 
1. A vision that guides a clear strategy towards the SDGs? 
2. The development of new types of partnerships that can 

result in positive impacts for sustainable development? 
3. The development of products that uses sustainable 

material sources and equipment not harmful to workers’ 
health and safety in the production? 

4. Increased competence and knowledge about benefits of 
the AM processes within partners, workers and customers? 

5. Increased competence to exploit the sustainability benefits 
of AM processes (from design to closed loop phases)? 

6. The development of products with remanufacturing or 
recycling properties extending the product life cycle, 
reducing waste after use, and reducing use of raw 
materials? 

7. The design of products for more efficient use of raw 
materials, less waste, and cleaner production processes? 

8. Products that uses biodegradable or bio-based materials? 
9. The development of products that promote resource 

efficiency and less pollution during the use phase (e.g. 
energy consumption and air emissions)? 

10. The design and processes that improve the quality of 
products and equipment, in the production and use phases? 

11. A product design that create opportunities for scalability? 
12. Reduction of logistic impacts (e.g. transport-related 

pollution, reduced inventories)? 
13. Creation of reverse logistics channels? 

 
A set of performance indicators also can be used to 

evaluate the sustainability of the AM process [3,18]: number 
of employees per product or sales; number of accidents and 
incidents; training hours per employee; job satisfaction rate; 
percentage of employees cross-trained to perform all tasks; 
rate of employees involved in improvement activities; waste 
before recycling; global warming potential (CO2); 
acidification potential (SO2); persistent bio-accumulative 
toxic chemicals used; water use (total and recycled); energy 
used; energy from renewables; hazard waste; resource 
efficiency; customers complaints and returns; quality 
ratio; take-back policies; share of reused or recycled 
materials; material per unit of production; productivity; 
overall equipment effectiveness; availability. 
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6. Conclusion 

The set of questions and performance measures presented 
as a checklist seeks to guide companies to evaluate if adopting 
AM will result in environmental and social benefits aligned 
with the SDGs. The case analysis indicates that AM processes 
can result in more sustainable operations, which however 
need to be supported by a strategy that considers the 
sustainability impacts in all life cycle phases. 

Issues connected with AM processes are not been explored 
or clearly discussed by the companies, contributing to the gap 
of knowledge. More complete and transparent case reports 
will be useful to increase the knowledge and promote best 
practices. 

Future steps in this research aim to operationalize the 
checklist in a self-assessment tool that will support the 
evaluation of sustainability implications, and thereby a more 
informed decision-making, for the adoption AM technologies.  

Acknowledgements 

This research is supported by the Chalmers Production 
Area of Advance (AoA Production) and Vinnova (2018-
01583).  

References 

[1] Eyers DR, Potter AT. Industrial Additive Manufacturing: A 
manufacturing systems perspective. Comput Ind 2017;92–93:208–18. 
doi:10.1016/j.compind.2017.08.002. 

[2] Ford S, Despeisse M. Additive manufacturing and sustainability: an 
exploratory study of the advantages and challenges. J Clean Prod 
2016;137:1573–87. doi:10.1016/j.jclepro.2016.04.150. 

[3] UN - United Nations Department of Economic and Social Affairs. 
Division for Sustainable Development Sustainable Development Goals 
(SDGs) n.d. https://sustainabledevelopment.un.org/sdgs (accessed 
November 7, 2018). 

[4] Ueda K, Takenaka T, Váncza J, Monostori L. Value creation and 
decision-making in sustainable society. CIRP Ann 2009;58:681–700. 
doi:10.1016/j.cirp.2009.09.010. 

[5] Sreenivasan R, Goel A, Bourell DL. Sustainability issues in laser-based 
additive manufacturing. Phys Procedia 2010;5:81–90. 
doi:10.1016/j.phpro.2010.08.124. 

[6] Malshe H, Nagarajan H, Pan Y, Haapala K. Profile of Sustainability in 
Additive Manufacturing and Environmental Assessment of a Novel 
Stereolithography Process. Vol. 2 Mater. Biomanufacturing; Prop. Appl. 
Syst. Sustain. Manuf., ASME; 2015, p. V002T05A012. 
doi:10.1115/MSEC2015-9371. 

[7] Kai DA, De Lima EP, Cunico MWMH, Gouvêa Da Costa SE. Measure 
additive manufacturing for sustainable manufacturing. Adv Transdiscipl 
Eng 2016;4:186–95. doi:10.3233/978-1-61499-703-0-186. 

[8] Frăţilă D, Rotaru H. Additive manufacturing – a sustainable 
manufacturing route. MATEC Web Conf 2017;94:03004. 
doi:10.1051/matecconf/20179403004. 

[9] Rejeski D, Zhao F, Huang Y. Research needs and recommendations on 
environmental implications of additive manufacturing. Addit Manuf 
2018;19:21–8. doi:10.1016/j.addma.2017.10.019. 

[10] Gimenez C, Sierra V, Rodon J. Sustainable operations: Their impact on 
the triple bottom line. Int J Prod Econ 2012;140:149–59. 
doi:10.1016/j.ijpe.2012.01.035. 

[11] Peng S, Li T, Wang X, Dong M, Liu Z, Shi J, et al. Toward a 
Sustainable Impeller Production: Environmental Impact Comparison of 
Different Impeller Manufacturing Methods. J Ind Ecol 2017;21:S216–
29. doi:10.1111/jiec.12628. 

[12] Kellens K, Mertens R, Paraskevas D, Dewulf W, Duflou JR. 
Environmental Impact of Additive Manufacturing Processes: Does AM 

Contribute to a More Sustainable Way of Part Manufacturing? Procedia 
CIRP 2017;61:582–7. doi:10.1016/j.procir.2016.11.153. 

[13] Faludi J, Bayley C, Bhogal S, Iribarne M. Comparing environmental 
impacts of additive manufacturing vs traditional machining via life-cycle 
assessment. Rapid Prototyp J 2015;21:14–33. doi:10.1108/RPJ-07-2013-
0067. 

[14] Despeisse M, Yang M, Evans S, Ford S, Minshall T. Sustainable Value 
Roadmapping Framework for Additive Manufacturing. Procedia CIRP 
2017;61:594–9. doi:10.1016/j.procir.2016.11.186. 

[15] Phaal R, Farrukh CJP, Probert DR. Strategic Roadmapping: A 
Workshop-based Approach for Identifying and Exploring Strategic 
Issues and Opportunities. Eng Manag J 2007;19:3–12. 
doi:10.1080/10429247.2007.11431716. 

[16] Yang M, Despeisse M. Sustainable Value Roadmapping Tool. 
Proceeding 2016 R&D Manag. Conf. From Sci. to Soc. Innov. Value 
Creat., Cambridge, UK: 2016. 

[17] Despeisse M, Minshall T. Skills and Education for Additive 
Manufacturing: A Review of Emerging Issues, 2017, p. 289–97. 
doi:10.1007/978-3-319-66923-6_34. 

[18] Winroth M, Almström P, Andersson C. Sustainable production 
indicators at factory level. J Manuf Technol Manag 2016;27:842–73. 
doi:10.1108/JMTM-04-2016-0054. 

 


