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Abstract

The network diagram showcasing the relationships 
among the ICF keywords depicts the intertwined 
relations across 5M levels, highlighting potential 
design inference's interconnectedness and 
branching and prompting a more integrated and 
systemic approach to design thinking for AM. 

The connections allow to recognize and depict the 
broader implications on social, cultural, ecological, 
and technological levels and emphasize the need 
for interdisciplinarity capabilities necessary to 
address challenges and drive innovation across 
various scales within the larger design ecosystem. 

Circularity principles such as reuse, reduce, 
remanufacture, repair, and recycle are prevalent in 
the case studies, emphasizing i) the use of recycled 
materials in higher-value perceived applications; ii) 
source for local resources in terms of energy, 
materials, and knowledge; ii) the involvement of 
local communities into the design process; iv) 
provide customization options for increasing 
products sustainability; v) optimize product 
circularity by conscious design agency; vi) envision 
and make reliable long-term maintenance 
strategies.

The research emphasizes Design's transformative 
role as a catalyst for sustainable changes (Earley, 
2017), aligning advanced technologies with societal 
and ecological needs. The increasing availability of 
new materials for AM processes due to good 
recovery practices (Romani et al., 2021) enables the 
development of innovative AM-based approaches 
(Oxman, 2013). As merged by cases, a 
systemic-thinking mindset could stimulate the 
strengthening of powerful collaboration (Pereno & 
Barbero, 2020), leveraging community knowledge 
for valuable sustainable contributions. In addition, 
by providing reference contexts and making AM 
processes more affordable, Design can attract 
stakeholders, fostering greater awareness and 
social responsibility as well as new co-production, 
consumption, and resource management models 
that prompt systemic changes (Hermann et al., 
2018). By adapting advanced technologies to 
societal and ecological needs, Design facilitates 
transformations in behavior, production, and 
consumption patterns, aligning with the goals of 
Circular Economy models. 

Despite advancements, challenges persist along 
social perspectives, regulatory frameworks, and 
technological impacts. The contribution advocates 
for a holistic environmental impact assessment 
that encompasses the entire lifecycle of digital AM 
processes. This could be included into long-term 
strategies, involving local efforts alongside 
low-impact materials (Romani et al., 2021), which 
can mitigate ecological implications. More political 
and industrial efforts should be focused on the 
standardization of AM and new circular materials 
(Hegab et al., 2023) in order to disseminate 
sustainable strategies that meet societal needs. 
Additionally, the exploration of new frontiers of 
matter (The Royal Society, 2021; Pollini et al., 2022; 
Emidi, 2023) incorporating animate materials into 
AM products introduces programmable and 
adaptive properties, providing a glimpse into future 
challenges – such as ethical, technological, 
performances, evolution factors – and suggesting 
further establishing a nature-artificial symbiosis to 
efficiently use the right amount of energy and 
resources while eliminating waste. 

By employing a case-based reasoning method across micro, meso, macro, 
and meta (5M) scales, the research contributes designing insights and 
adaptive guidelines for transformative interventions, suggesting mitigative 
design solutions to drive circular changes towards CE models in AM. The 5M 
scales framework, derived from the Design for Sustainability Evolutionary 
Framework by Ceschin and Gaziulusoy (2016), forms the basis for case 
studies classification. The contribution involves the ICF model designed by 
Oxman (1994) for breaking down, interpreting, and deducing learnings 
from case studies and refined by Zambelli (2002) for design purposes. 
Through the model, the author deconstructed the cases’ data (gathered by 
triangulating scientific resources and grey literature) into conceptual 
keywords regarding questions or goals of the projects (issues), potential 
design solutions to solve issues (concept) and physical features to 
materialize concepts (form). 

A network of contents is designed through a backward review by tracing 
and linking ICF keywords from lower-order to higher levels. The flexibility of 
the models allows further connection among variables and multiple cases. 
The map displaying the correlation between design variables can be helpful 
for designers to derive information from the concrete experience of a 
sample and understand and improve changes in that or other realms. 
Moreover, it underlines the design potential to deal with multi-scale 
complexities when designing circularity through transformative 
interventions. 
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Figure:
The methodological approach of the 5M scales: Material, Micro, Meso, Macro and Meta.

This contribution explores the intersection of Additive Manufacturing 
(AM) technology and Circular Economy (CE) models through a Design 
lens. In contrast to the current limitation of AM processes, the 
layer-by-layer deposition results in jointless lightweight structures that 
can be customized, on-demand, and eco-efficient, presenting 
fundamental ecological implications such as resource efficiency, waste 
reduction, and lower material and energy consumption. The study 
delves into both the theoretical foundations and practical applications, 
emphasizing the potential for circularity in AM.

A case-based reasoning method is used to examine the Design variables 
of inference across micro, meso, macro, and meta (5M) scales, 
combining the Issue-Concept-Form (ICF) model for a semantic analysis 
of case studies. This investigation contributes to design learnings and 
adaptive guidelines for transformative interventions, providing insights 
into mitigative design solutions to drive paradigm changes towards CE 
models in AM. Moreover, the involvement of animate materials, which 
introduce programmable and adaptive material properties, provides a 
glimpse into future challenges.  
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