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A vision for sustainable additive 
manufacturing

Serena Graziosi    1 , Jeremy Faludi2, Tino Stanković    3, Yuri Borgianni    4, 
Nicholas Meisel5, Sophie I. Hallstedt    6 & David W. Rosen7

Radical technological innovations are emerging in response to 
environmental, economic and geopolitical pressures. This affects how 
we design and manufacture new solutions. Additive manufacturing, 
one of the enabling technologies of the digital transition, can support 
more-sustainable manufacturing processes if developed through a 
system-level approach. In this Perspective, we adopt such an approach: 
we propose to use established sustainable design methods to innovate 
additive manufacturing systems and to consider how to make additive 
manufacturing an enabler of sustainable design in combination with 
conventional manufacturing. We then discuss how to implement our vision 
to enable additive manufacturing for sustainability.

Global challenges imposed by climate change, biodiversity loss and 
political turmoil are making the availability of raw materials and 
resources highly uncertain, calling for revising established practices 
from a sustainability point of view. In this respect, additive manufactur-
ing (AM) is gaining notable attention as an alternative to conventional 
manufacturing (CM), such as casting, moulding, forging and extrusion. 
Additive manufacturing refers to a class of manufacturing processes 
that fabricate parts by repeatedly adding and processing materials 
layer by layer, known informally as 3D (three-dimensional) printing. 
Although its original role was to fabricate prototypes during product 
development, AM is now used extensively for production parts, tool-
ing and an ever-increasing number of niche applications1. Thousands 
of AM-fabricated parts are flying on airplanes and spacecraft, and 
millions of AM metal parts have been implanted in people as spinal 
fixtures and joint replacements. The global AM market is estimated 
at US$15 billion in 2022 and is expected to grow at 20–21% annually 
for the next 10 years2. Additive manufacturing currently accounts for 
approximately 2% of all global manufacturing activity but is projected 
to comprise over 9% of manufacturing by 20322, with multiple and 
heterogeneous industrial sectors (for example, food and construc-
tion) actively involved.

The wide variety of AM technologies and processable materials 
available promotes this widespread range of applications. Seven 
process categories and related identification acronyms have been 
identified in the International Organization for Standardization/
ASTM 52900:2021 standard3 on the basis of the processing principle 
they implement: binder jetting (BJT), direct energy deposition (DED), 
material extrusion (MEX), material jetting (MJT), powder bed fusion 
(PBF), sheet lamination (SHL) and vat photopolymerization (VPP). 
Thanks to these enabling processes and AM’s nature of stacking raw 
materials to fabricate complex geometries, industries’ capabilities 
are broadened to design performance-optimized, lightweight designs 
not previously feasible with CM processes. The enhanced design 
freedom enabled by AM is so vast that a dedicated research topic, 
design for additive manufacturing (DfAM)4, has been established. 
The concept of DfAM shows the multiple dimensions of complexity 
that can be exploited thanks to AM when designing shapes, materi-
als and functionalities to get numerous advantages in performance, 
personalization and uniqueness5. But does this unlocked design and 
manufacturing freedom ensure material efficiency? Are our capa-
bilities to design better products fully utilized? What about energy 
efficiency and material circularity?

Received: 10 June 2023

Accepted: 15 February 2024

Published online: xx xx xxxx

 Check for updates

1Department of Mechanical Engineering, Politecnico di Milano, Milan, Italy. 2Faculty of Industrial Design Engineering, Delft University of Technology, 
Delft, the Netherlands. 3Engineering Design and Computing Laboratory, Department of Mechanical and Process Engineering, ETH Zurich, Zurich, 
Switzerland. 4Faculty of Engineering, Free University of Bozen-Bolzano, Bolzano, Italy. 5School of Engineering Design and Innovation, The Pennsylvania 
State University, University Park, PA, USA. 6Division of Product Development, Department of Industrial and Materials Science, Chalmers University of 
Technology, Gothenburg, Sweden. 7Institute of High Performance Computing, Agency for Science, Technology and Research (A*STAR), Singapore, 
Singapore.  e-mail: serena.graziosi@polimi.it

http://www.nature.com/natsustain
https://doi.org/10.1038/s41893-024-01313-x
http://orcid.org/0000-0002-6103-9107
http://orcid.org/0000-0002-9932-8369
http://orcid.org/0000-0002-5284-4673
http://orcid.org/0000-0002-7382-1825
http://crossmark.crossref.org/dialog/?doi=10.1038/s41893-024-01313-x&domain=pdf
mailto:serena.graziosi@polimi.it


Nature Sustainability

Perspective https://doi.org/10.1038/s41893-024-01313-x

(for example, vacuum casting). It is valuable for parts characterized 
by high-embodied-energy metals, as in aerospace12, or low produc-
tion volumes where the impacts of tooling would be important. Con-
ventional manufacturing of complex lightweight titanium parts can, 
for example, generate up to 80–90% scrap9,13. This titanium scrap is 
contaminated with oxygen and iron impurities, making it difficult to 
recycle as a high-grade material13. Additive manufacturing reduces the 
environmental impact by minimizing scrap and saving material during 
fabrication9. For example, titanium’s high embodied energy makes 
the reduction of any material waste promising. However, although 
comparing AM advantages with the machining of complex geometry 
is popular, it offers a limited view. Most investments in AM are to scale 
up production volumes14. Low-volume production is not the expected 
future scenario. It is also unfruitful to think that since AM could have 
environmental advantages for low-volume manufacturing, switching 
all manufacturing to low-volume mass customization would be reason-
able. This solution would only increase CM impacts because production 
volumes are reduced. It will not mitigate negative AM impacts.

This reasoning concerning material waste also involves other 
considerations. Let us assume that AM can reliably and consistently 
reduce waste. That is not particularly relevant to its overall environ-
mental impacts compared with other manufacturing methods because 
most of its impacts come from energy use10. Most polymer printers’ 
energy impact alone exceeds the total impact of injection moulding 
ABS (acrylonitrile butadiene styrene) plastic, sometimes by an order 
of magnitude10. This consideration is elaborated at maximum theo-
retical throughput, that is, printing a full print bed with 100% yield for 
24 h d–1 for each printer’s entire lifetime, versus injection moulding at 
a mass production scale and considering the environmental impacts 
per part produced10. Results are similar for metal9. For most parts, AM 
uses more energy per kilogram of material processed than casting, 
moulding, forging or extrusion15. A considerable variation has also been 
seen between process categories (for example, MEX versus PBF versus 
VPP), same category but different printer brands and same printer 
but different materials10. Of course, different materials and processes 
provide different part strengths and other functional qualities. That 
relevant variation means much room for environmentally improving 
machine design and operations.

In addition, the carbon footprint of AM is 2 to 20 times higher 
per kilogram of material processed than CM methods at scale due to 
its high electricity use15. If metal PBF and DED processes completely 
replaced conventional hot isostatic powder-based pressing processes 
in manufacturing steel parts, they would use over ten times the energy8. 
These laser-based AM systems are still characterized by relatively low 
efficiency, with only 9–23% of the laser beam energy melting steel 
powders and 3.6–7.0% for aluminium powders16. In addition, the pow-
der feedstock is tremendously energy intensive to produce. The high  
carbon footprint is also due to other printer components, such as 
motors and control electronics. Compared with the overall energy 
operating a PBF machine, only about 0.8% of the total energy is allo-
cated for powder melting17. The comparison of AM with casting, 
extrusion, rolling and others15 becomes relevant for ramping up AM 
fabrication beyond small-batch production while improving environ-
mental impacts. Therefore, we need to improve the efficiency of AM 
processes and AM raw materials production9,10. We also need more stud-
ies comparing AM and CM impacts per part produced. They are funda-
mental to making more informed sustainability decisions. Measuring 
the impact per part produced instead of the impact per kilogram of 
material processed allows a much fairer comparison among technolo-
gies. The translation from impact per kilogram to impact per part is not 
straightforward, as multiple CM processes may be involved for one AM 
process. In addition, AM and CM might have multiple pre-processing 
or post-processing operations, an important consideration that is 
captured when measuring per part produced. Their wasted material 
is not included when measuring per kilogram of material processed.

Additive manufacturing can foster manufacturing flexibility 
and adaptability due to its ability to switch among different produc-
tion batches rapidly. The desire is to optimize raw-material usage in 
manufacturing, in-service resource consumption such as vehicle fuel 
use or sociotechnical effects such as repair and remanufacturing. 
However, does this flexibility and resource optimization, combined 
with the capability to realize almost any shape or geometry, promote 
more-sustainable design and manufacturing practices? Under what 
circumstances does AM drive sustainability today, where does it worsen 
it, and how can we design it to be more universally sustainable?

Additive manufacturing is still considered a niche manufacturing 
technology with a niche market, but the previous data demonstrated 
that this scenario would change in the coming years. Its current impact 
on sustainability, whether positive or negative, will no longer be limited. 
We must act before the technology becomes established because then 
a change will become more challenging. This action must build on the 
different initiatives and governmental instruments, such as the United 
Nations’ Sustainable Development Goals and the European Green Deal, 
pushing organizations to reconsider their practices. Implementation 
issues, such as limited data availability and the difficulty of analysing 
complex, systemic problems, still limit the adoption of these instru-
ments in product development processes involving CM. How does that 
situation fit within the context of AM? Can we design AM technologies 
to meet requirements from these instruments more straightforwardly?

This Perspective will examine and answer these questions. It will 
also discuss sustainability challenges attributed to AM, new opportu-
nities and actions to integrate a sustainability perspective into AM. It 
will end with a vision for future product development via sustainable 
AM offered through a system view of a sustainable design and manu-
facturing scenario.

Integrating sustainability into AM
To make AM more sustainable, it is necessary to integrate sustainable 
design strategies into practices for AM machine design, processes, 
development of raw materials and selection of supply chains. A system 
approach should be pursued. Before going into these topics, we must 
explain the current state of AM compared with CM and where AM should 
go to embrace sustainability.

The current state of AM
To promote the sustainability essence of AM, it is common to claim6 
‘AM is green because it eliminates (1) manufacturing waste and  
(2) transportation of parts in supply chains’.

Although eliminating manufacturing waste is based on exist-
ing evidence, substantial nuance is needed before claiming it. Many 
traditional manufacturing processes, such as injection moulding, 
casting and extrusion, already produce minimal waste at scale. Their 
part designs are thoroughly optimized for manufacturing. The manu-
facturing waste of AM depends on many circumstances and factors, 
especially the chosen printers and materials. Polymer PBF can generate 
up to 44% material waste, with a likely range of yields from 56 to 80%7. 
Much AM printing powder is wasted due to the sensitivity to the oxida-
tion of the underlying materials8,9. Some photopolymer resin-based 
printers likewise produce relevant liquid resin waste10. That waste is 
compounded by sacrificial support material, which is also wasted. 
Failed prints are similarly wasted, although numbers on average failure 
rates are challenging to find because companies have strong incentives 
not to reveal them. Despite considerable efforts invested in reducing 
material waste, such as developing optimization approaches to design 
AM parts that do not require support structures11, extensive waste 
material reduction seldom occurs.

Additive manufacturing can sometimes reduce material waste, 
substantially improving impacts, but it is strongly context depend-
ent. It is usually true when compared with machining complex shapes 
or with CM processes requiring tooling for small production runs 
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The second part of the claim, that AM is green because it eliminates 
transportation of parts in supply chains, also deserves clarification. 
Additive manufacturing is commonly considered to reduce transporta-
tion dramatically, which is potentially a strategic sustainability driver. 
However, in most cases, raw materials must still be shipped. Additive 
manufacturing reduces only the need to transport different parts 
made of the same materials. Even if AM eliminated material transport, 
it would not substantially improve most products’ life-cycle impacts. 
Life-cycle assessments (LCAs) have shown for decades that transport 
accounts for a small portion of the lifetime impacts of most typical 
products18. It is a common misconception that transportation repre-
sents a large share of the environmental impacts of products because 
transport accounts for a considerable percentage of global greenhouse 
gas emissions19. The global impacts of transport are mostly from trans-
porting people, not shipping goods. Parts’ weight reduction enabled 
by AM reduces transportation costs and environmental impacts. But 
this does not make AM products sustainable by default if impacts from 
other life-cycle stages are not lessened.

However, other benefits can be underlined. Since materials are 
usually commodities while manufacturing is a value add, local printing 
keeps more money in local economies, potentially benefiting economic 
goals. Local manufacturers might also be more easily monitored and 
certified for good labour practices. Companies should start reflect-
ing on the most sustainable strategy to pursue: producing internally 
and managing the transportation of components or externalizing the 
production but working on guaranteeing suppliers’ certification. A 
systemic perspective, alongside sustainability models, is needed to 
promote AM sustainability in multiple ways and support companies 
in making informed decisions.

Where AM should go
A fair and reliable assessment of when AM is better or worse than CM and 
how AM could be improved is highly context dependent. The baseline 
impacts of some AM processes are so high that despite the increased 
sustainable design opportunities present in lightweight design, pro-
cess consolidation and material saving, their environmental impact 
is still much more relevant than that of CM processes and materials. 
Weight reduction can substantially decrease the use-phase impacts of 
aircraft because lifetime fuel usage is most of the total lifetime impact. 
However, it does not provide comparable savings for automotive or 
marine vehicles20. In addition, even if AM substantially reduces material 
waste versus many CM processes, its current high energy use usually 
overwhelms the benefit.

To deal with these issues, comprehensive and context-based 
life-cycle perspectives are needed. So far, LCAs of AM have often been 
fragmented and unsystematic. Clarifying where AM is and is not sus-
tainable is an excellent opportunity for research and practice if the 
following aspects are considered.

First, LCAs should choose fairer functional units. We recommend 
impacts per part produced for certain reference parts, rather than (or 
in addition to) per kilogram of material processed. Second, include 
pre-process and post-process operations and the printer’s construc-
tion. Third, include machine utilization scenarios. Energy use per part 
printed can vary by up to two orders of magnitude from maximizing 
temporal and spatial utilization for some printer types11. Some printers 
have high idle power and are left running between prints. Others can 
print many parts at once without using considerably more energy. This 
can apply to both metal and polymer printers10,21. Having fewer print-
ers shared by many users can dramatically reduce impacts. Reducing 
batch volumes may not always lead to energy savings. Studies should 
also break down the energy use of AM processes to the component or 
subsystem level17. They could set priorities for the sustainable redesign 
of AM processes, comparing heating energy with material impacts, 
waste, mechanical or other systems, post-print annealing or machin-
ing, or other aspects of the process. Such studies can also compare 

consolidated parts, where several CM processes are replaced by one 
AM part with some post-processing, potentially resulting in lower 
total impacts.

An LCA excluding material production and end-of-life impacts 
could lead to missed opportunities for AM. While material impacts 
do not often dominate AM’s total life-cycle impacts, they are still con-
siderable and can be a lever towards exploring more-sustainable AM 
materials. It could also mean making design compromises using materi-
als with lower technical performance in favour of better sustainability 
impacts9,22. Additive manufacturing may enable the exploitation of new 
green materials simply because it is a different process.

The LCAs should also be expanded to include context-dependent 
design decisions (that is, how does part lightweighting influence the 
product’s use phase?). We already discussed transportation aspects, 
but additional product life-cycle phases should be considered. Part 
consolidation can be relevant for manufacturing operations and 
post-processing phases. Despite the high impact of AM per operation, 
their substantial reduction could lead to a relevant net benefit. Design 
could thus emerge as a fundamental mediating factor in AM’s capabil-
ity to support sustainable product development. While theoretical 
models of such trade-offs have been performed23, empirical research 
has not yet shown how often part consolidation replaces enough opera-
tions to pay back the extra energy per operation. In addition, highly 
consolidated parts may be less repairable if they prevent disassembly 
and replacement. This has not yet been studied at scale to determine 
how frequently the cost outweighs the benefit.

Besides measuring impacts, AM processes, machines and materi-
als must be redesigned to improve impacts. One example is the solar 
sinter by Markus Kayser24, which sinters sand into glass using a giant 
Fresnel lens, eliminating electric heating by passively focusing sunlight 
into a concentrated spot24. The print bed’s motors and electronics are 
powered by solar photovoltaics, and the sand can be locally sourced. 
This is an extreme example, and no LCAs have yet been performed, but 
it suggests enormous improvements to AM processes and materials.

Another example is replacing melting of plastics with direct ink 
writing AM of bio-composite pastes that harden by drying25. Rael and 
San Fratello’s binder jet printing of sawdust, grape skins or salt has been 
measured to have one-tenth to one-fortieth of the impacts per part 
printed as other polymer print technologies26. Although the strength 
of bio-composite pastes is much lower than that of standard poly-
mers, redesigned parts could have five times the wall thickness, using 
five times as much material while still having half the impact of most 
other AM parts. Such low-energy printing of upcycled biomaterials can 
include multiple materials with different strengths, stiffnesses, colours 
or other properties27. Furthermore, AM can enable more-expensive 
novel materials to become economically viable due to optimized 
designs using less material, especially if printing consolidates manufac-
turing steps and thus saves labour or other processing costs. Including 
a material’s end-of-life impacts enables comparisons of new materials 
with better recyclability or compostability. Current multi-material 
printing renders even commonly recyclable polymers non-recyclable 
because they cannot be easily separated from each other, accumulating 
impurities. Recovering unprinted metal powder of mixed materials is 
also challenging28, and recyclable multi-material prints require entirely 
new printers with different processes29. Multi-material prints can be 
easily recovered at end of life if all ingredients are compostable. Com-
post generally requires no sorting after removing non-compost trash. 
Some marginally compostable materials require higher-temperature 
facilities to biodegrade, but these facilities also process easily com-
postable materials.

Sustainable design tools and methods could be applied to make 
such improvements more systematic. Some studies have already cut the 
environmental impacts of printing through these methods, although 
such progress needs further development to scale to industry30.  
Prioritizing sustainability as a performance requirement when 
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developing printers and materials, even without special design meth-
ods, would drive important progress. Examples could be designing 
metal alloys tolerant to impurities to enable more recycling22 or archi-
tected materials with advanced mechanical properties9 to prevent the 
need for high-performance materials. However, making sustainability 
a required design specification is the first step.

The second step is learning and using sustainable design tools 
and methods to help achieve those goals. This should include system 
thinking, that is, looking at the whole system when considering impacts 
and generating new solutions. It can increase creativity while avoiding 
optimizing one part to the detriment of the whole. Several methods for 
supporting its adoption exist in sustainable design31–33. However, even 
without them, the basic concept can be powerful. One example is find-
ing materials that solidify chemically at room temperature rather than 
being melted. Sourcing these from agricultural waste (for example, 
pecan shells or sawdust) has been shown to reduce print energy by 75% 
and reduce material impacts by 80% compared with standard melting 
(MEX) of ABS plastic, reducing material costs by 50%30. However, they 
are not yet a drop-in replacement for plastics.

Additive manufacturing parts could be improved by incorporating 
design for sustainability into existing DfAM principles and heuristics34. 
Life-cycle assessment might be integrated into existing optimization 
software to guide material choice, process parameters and geometry. 
Designers should be trained to accept that, from a sustainability per-
spective, the material with the best mechanical performance is not 
always the rational choice unless other gains justify its application. 
In addition, there is the need for data-driven design support tools 
capable of addressing challenges of improving sustainability from a 
system-thinking perspective35. Such tools should advance material 
discovery for sustainability36 and drive the optimized distribution of 
materials to reduce the environmental impact9. They should support 
AM holistically, involving data sharing among stakeholders and provid-
ing computational support to allow informed decisions.

We must also include social issues when reflecting on where 
AM should go. Unfortunately, the social dimension is rarely con-
sidered. Additive manufacturing’s positive or negative impacts on 
fair wages, wealth inequality, political power inequality, commu-
nity support and other cultural factors are currently challenging 
to assess. Methodologies for measuring these impacts are not as 
detailed or agreed on as environmental metrics. Some case studies37 
and methodological suggestions38 exist, but the state of research is 
still exploratory39. Additive manufacturing tools generally require 
less operator time than computer numerical controlled machining. 
This could be considered favourable for decreasing labour burden 
or negative for increasing unemployment. The Organisation for 
Economic Co-operation and Development’s recommendations sug-
gest that AM may assist entrepreneurs by lessening their need for 
capital in manufacturing tooling, thus opening more opportunities 
to the lower and middle classes6. However, this is a hypothesis not 
yet backed by empirical studies.

The role of AM in democratizing manufacturing has been recog-
nized widely, given the adoption of consumer-grade AM systems in 
homes, maker spaces and schools40. It has also stimulated noteworthy 
cultural transformations. The continuous shift from the abstract to the 
physical world helps unlock our imagination41. Additive manufactur-
ing strongly supports this shift, particularly the role of inexpensive, 
desktop-scale MEX systems in stimulating students’ creativity and 
consciousness about their abilities. However, promoting a culture of 
sustainable prototyping and manufacturing among the young gen-
eration is also essential, for example, by discouraging the printing of 
the so-called phatic objects, objects printed without a real purpose42, 
favouring strategies involving repairing and adjustment42. Promoting 
this culture also requires the availability of affordable solutions and 
practices to enable the reuse or recycling of failed prints or those prints 
that have reached their end of life.

One social aspect already studied in detail is worker health and 
safety regarding material toxicity hazards. This overlaps extensively 
with the environmental sustainability of materials. Quantitative empiri-
cal studies have investigated the outgassing of particulates that could 
be inhaled while printing polymers43,44 or metals45; others have investi-
gated the toxicity of printed parts themselves46,47. Some fine powders, 
such as aluminium, have long been known to be explosion hazards48. 
However, these studies lack direct comparisons with CM. Future works 
should make such comparisons and examine new AM materials that 
reduce health and safety risks to workers and environmental impacts. 
Consequences to stakeholders upstream in the life cycle must also be 
included. Decisions in the early design phase, such as material selection 
for AM, may impact local communities, for example, conflict materials, 
land grabbing and working conditions in supply chains.

Sustainable by design with AM
Additive manufacturing’s contribution to sustainable growth can be 
further raised if AM technologies are used to implement established 
practices in sustainable design. The digital transition and sustainable 
development comply with scenarios where radical changes are needed 
and, to some extent, are already taking place. Despite the AM commu-
nity being ready to accept these transformations and demonstrating a 
noteworthy commitment, indications are still lacking on aligning this 
transformation with principles for a sustainable society49. Although the 
relationship between sustainable design and DfAM seems evident, a 
standard list of shared principles and strategies is lacking. As sustain-
able design has evolved, some sub-disciplines have matured enough to 
represent independent research areas including sustainability-oriented 
design for X (DfX) methods. Additive manufacturing could be a means 
for consolidating and successfully applying such methods50. How to 
reach this is discussed in the following.

Design for product repair and maintenance
This method promotes designing product architectures for easy disas-
sembly and reassembly to service or replace parts51,52. Additive manufac-
turing can fabricate replacements on demand instead of manufacturers 
storing spare parts for years. Alternatively, AM can produce parts the 
manufacturer no longer supplies53. This often requires redesigning 
parts for AM because current parts are designed for other manufactur-
ing methods; this is time consuming, but methods for such redesign 
are being developed54. Companies should be prepared to manage the 
integration of printed parts within already consolidated product archi-
tectures. Fundamental limits exist to what replacement parts can be 
printed today (for example, circuit boards and chips are difficult or 
impossible). Researchers estimate that at most 7.5–29.0% of repairs 
in repair cafés might be helped by AM spare parts55. Since mass-scale 
production usually has a lower impact in the case of CM, AM is cur-
rently most useful for replacing parts not supplied by manufacturers 
or fixing large parts in situ56. Data-driven design for repair via AM is 
underexploited57, and it is unclear how much intelligent AM and design58 
could improve this.

Design for upgradability
This method targets improving and updating components to meet 
changing customer expectations to prolong product lifetimes59,60. New 
or improved functionalities can be added thanks to easy-to-upgrade 
features in the design60. Design for upgradability also works for CM, but 
AM represents a powerful tool when products are not designed for CM 
or the manufacturer does not provide upgrade parts53. Additive manu-
facturing also has an advantage when upgrades involve customization 
or personalization. Personalization could extend product life due to the 
user establishing emotional attachment. In the area of AM, it is unclear 
how effective this will be for sustainability. The same attribute could 
stimulate worse consumerism. Insufficient research exists to show 
actual benefits versus costs in practice. It is worth investigating, but 
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setting an ethical threshold concerning personalization is a complex 
strategy. How to support companies in guaranteeing both the profit-
ability and sustainability of their upgrade services and whether AM 
alone or hybrid AM–CM strategies should be leveraged are open issues 
to be explored.

Design for remanufacturing or reuse
This method aims to give parts a second life after their first life cycle61, 
focusing on their easy disassembly and reassembly into a new product 
or a direct reuse62. As with repair, parts can be provided by CM or AM. 
Since current remanufacturing rarely happens at scale, AM has many 
opportunities to support designing parts that can be easily disassem-
bled with the least damage or repaired after the disassembly if the dam-
age occurred63. Developing guidelines64, decision support65 and smart 
systems66 facilitates design for remanufacturing, which can, in turn, 
be supported by AM67 or hybrid AM–CM processes68. The suitability of 
AM for remanufacturing has led to the proposal of shared guidelines 
on design for additive remanufacturing63. There is a growing interest 
in it69, with a call for more automation70, even if multiple open issues 
must be addressed, such as the durability of AM components or improv-
ing repair and restoration phases69. As with repair, depending on the 
production scale, AM of replacement parts can cause higher impacts 
than CM remanufacturing parts, just as it does for virgin product pro-
duction. Break-even points should be identified71.

Design for recycling
Even if less effective than other circular economy (CE) approaches, 
design for recycling plays a fundamental role in extracting value from 
waste72. The challenge with recycling is that the raw material is usually 
downcycled; that is, it loses its original quality and properties73. Additive 
manufacturing already allows the processing of thermoplastic materi-
als with different percentages of recycled content74. However, further 
research is needed to understand how to collect the waste and treat 

the recycled material properly75 since many printers are not robust to 
impurities in feedstocks. Some AM studies have also explored upcycling 
agricultural waste into semi-durable goods30, although more develop-
ment is required for commercial viability. Boosting market demand 
for secondary plastics is also essential76. Multi-material printing and 
the possibility of embedding electronics77 could make the recycling 
process even more challenging. The chemodiversity of materials affects 
recycling78. Studies on multi-material printing must continue, but recy-
clability must be considered unless it is demonstrated that the new 
multi-material solution can considerably improve the product life cycle.

Ongoing issues
These DfX fields have overlapping borders57,61,67 because of commonly 
shared objectives. What is indisputable is their support for fulfilling CE 
goals and the central role AM can play53. In addition, there is difficulty 
in assessing which DfX strategy to follow to best comply with CE prin-
ciples: design out waste and pollution, keep products and materials in 
use or regenerate natural systems79. This aspect transcends the AM field 
and is a shared open issue across domains. We also face methodological 
challenges concerning developing robust tools to support policymak-
ers in strengthening the uptake of CE80.

A future scenario
Systems thinking is an enabler of sustainable AM and helps AM ena-
ble other sustainable design. It urges designers to consider multiple 
aspects of product life cycles, from materials procurement to usage 
scenarios and end of life. Manageable closed loops can be essential for 
AM to support sustainable development, thus strengthening AM’s role 
in facilitating CE practices. To enable this, a new role for AM should be 
envisioned. Figure 1 illustrates our vision of a sustainable AM produc-
tion system scenario.

Figure 1 assumes that AM is used in a digital, flexible and adapt-
able manufacturing system strategy for circular material flows and 
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recursive improvement cycles. This vision incorporates the previously 
discussed aspects of where AM should develop and how sustainable 
by design with AM can be leveraged, and it is founded on the following 
assumptions:

•	 AM supports the scale-up of production volumes in multiple 
industrial fields.

•	 AM is used for manufacturing final parts and products, together 
with spare parts for repair, refurbishment and upgrade to prolong 
product lifetime.

•	 A new generation of AM technologies and materials is exploited, 
whose impacts and life cycle are improved.

•	 Implementing sustainable by design with AM methods represents 
a consolidated strategy that allows design engineers to make 
informed design choices concerning raw materials, the compo-
nent in-service resource consumption and sociotechnical effects 
(for example, repair and remanufacturing).

Everything starts with the raw materials. They are crucial since 
materials give physicality to ideas. Products should be designed and 
produced with bio-based or recycled material components. Recycled 
content from other industrial processes can also be used to transform 
a cost into a new business opportunity.

In parallel, part design is performed. The product’s design solution 
should consider sustainability, functional and aesthetic requirements. 
Sustainable design tools should be exploited to identify sustainabil-
ity hot spots in the product life cycle and minimize impacts during 
raw-material acquisition, manufacturing, usage and return-to-life 
phases. Design requirements should include responsible mate-
rial choice, optimal resource use in manufacturing, elimination of  
hazardous substances, safe working conditions, product lifetime and 
resource usage optimization and the proper management of parts’ 
end of life.

The design requirements considered for the part design are also 
relevant for the printer design because AM process and machine 
impacts are embodied in the manufactured products. Optimizing 
energy consumption in the printing phase is strategic; increasing the 
machine’s ‘smartness’ to minimize production waste and prevent failed 
prints, plus reuse what waste exists, is essential.

Once the raw material is manufactured and the part and printer 
design are complete, the printing can start. Although our view is ori-
ented to AM, AM and CM processes will integrate or hybridize to opti-
mize sustainable manufacturing. Conventional manufacturing can 
be combined to overcome some acknowledged limits of AM to foster 
the adoption of win–win schemes in manufacturing. Once successful 
strategies in AM are identified, they could also be tailored to work 
for CM. What little waste from this step and previous manufacturing 
stages exists should be recirculated and reused through dedicated 
recycling/composting processes. In addition, the possibility of shar-
ing information related to the operating phase of the machine directly 
with the machine manufacturer could provide helpful feedback for the 
design of the next generation of machines. Conversely, the machine 
manufacturers will have to share the best practices leading to the 
optimal use of their systems. In this phase, attention must be paid to 
the equipment characteristics and the processes implemented. The AM 
system hardware (for example, motors, extruders, lasers) is relevant 
in environmental assessments. Likewise, the energy needed to make 
AM systems work is critical to the sustainability of the process. This 
situation can be alleviated by minimizing energy consumption and 
using renewable energy sources.

Finished parts will enter an assembly cycle, and the product life will 
start after production. That is the product manufacture and life-cycle 
phase. During this phase, collecting information about the product 
operating conditions can provide valuable data for designing the next 
generation of products. The product may also be subjected to repair, 

which can extend its useful life. The information retrieved during the 
maintenance phase is another relevant feedback for the part design 
phase. At the end of the use phase, two situations could occur: (1) users 
have developed a strong attachment to the product and require an 
upgrade, or (2) a new life starts for the product in other users’ hands 
through remanufacturing or refurbishment, likewise supported by AM. 
The information gathered during these phases is essential to update 
the know-how guiding new product design.

When the product definitively ends its useful life, it is processed, 
disassembled and reintroduced as recycled material or components 
that can undergo a remanufacturing cycle. In the hypothesis that no 
hazardous materials are present in the product, everything will be 
reused, recycled or composted.

The role of policymakers in this scenario is to make decisions that 
provide guidance and tools for driving sustainability in all phases. Tools 
that can promote the proposed actions in the scenario are currently 
lacking. Let this be a call for more studies examining policy design 
in relation to sustainable AM and investigating impacts on workers, 
entrepreneurs and society.

Additive manufacturing is not inherently circular or sustainable, 
but this scenario shows how AM can support sustainable development 
and CE. Exploring these possibilities is now required, with AM’s weight 
in the global manufacturing scenario becoming relevant soon. Addi-
tive manufacturing has not yet finished scaling, and technologies are 
still evolving. Hence, there is still time for action before they become 
entrenched. Simultaneously, consumption cycles and how we concep-
tualize product life must be transformed. Each product has a history 
that must be valued. Each material can create value for a product. From 
waste, we can create value. Refurbished components can contribute to 
increasing the added value of new products, and innovations in AM and 
DfAM can thus contribute to developing this value. A vision for sustain-
able AM will happen only if all the actors and stakeholders involved in 
the product value chain have a synergy of intents and commitment 
towards sustainability targets.
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