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Abstract Improving sustainability in industrial production requires holistic integration of
environmental, economic, social, and technical indicators into decision-making processes. Most
sustainability frameworks in literature emphasize environmental performance, while
underrepresenting technical feasibility and economic viability, which are critical for industrial
implementation. This study introduces a structured four-dimensional sustainability framework
(4DS) integrating technical, environmental, economic, and social dimensions to support informed
decision-making in industrial contexts. The framework is applied to the mechanical recycling of
Polyamide 12 (PA12) waste generated from automotive prototyping and its reuse as filament for
Material Extrusion (MEX). Multiple recycling pathways are designed and compared, differing in
logistical configuration and material composition. Recycled PA12 filaments produced from
different flake/powder ratios are experimentally evaluated through tensile testing. Filaments
produced from old PA12 powder without flakes generally exhibit more stable mechanical
behaviour and improved printability compared to mixed flake/powder formulations, which show
increased mechanical properties variability. The experimental results are integrated into a
quantitative sustainability assessment and a multicriteria decision analysis to account for
company-specific priorities. The findings demonstrate that the most suitable recycling pathway
does not necessarily correspond to the lowest-cost or lowest-impact option when individual
sustainability dimensions are considered. The results highlight the importance of balanced,
context-specific sustainability assessment that integrates experimental material performance
with environmental, economic, and social criteria to identify implementable industrial recycling
solutions.
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Introduction

Additive Manufacturing (AM) has become an established technology in the automotive
industry, particularly for prototyping and tooling, due to its design freedom, and suitability
for complex polymer components. Among polymeric materials, Polyamide 12 (PA12) is
widely used in automotive prototyping due to its mechanical properties and stable
processing behaviour. However, the short service life of prototypes and accelerated
development cycles result in a continuous generation of PA12 waste that is rarely
reintegrated into new material streams. This challenge has positioned AM prototyping at
the intersection of material efficiency and sustainability assessment. In industrial
production, sustainability is commonly described as a multidimensional concept integrating
environmental, economic, and social objectives [1], [2]. Numerous frameworks based on
this three-pillar model have been proposed, including business sustainability indicators [3],
[4], circular economy approaches [5], life-cycle-based waste management assessments
[6], textile recycling models [7], the European Commission’s Safe and Sustainable by
Design framework [8], and the Triple Bottom Line concept [9]. While these approaches
provide a robust basis for evaluating industrial systems, they often place limited emphasis
on technical feasibility and process performance, which are essential for the industrial
implementation and scaling of AM solutions.

In the automotive sector, plastics play a central role in lightweight design strategies driven
by increasingly strict emission regulations [10], [11], with further growth expected due to
frequent model updates and shorter product lifecycles [12]. Despite this extensive use,
plastic waste management remains inefficient, with incineration remaining the dominant
disposal route [13]. Plastic recycling is widely adopted to reduce industrial waste, even
though it is more impactful than reuse-oriented strategies. Environmental assessments
consistently show that recycling plastics requires substantially less energy than virgin
material production [14], [15]. Carbon emission reductions from recycling range between
30% and 80%, depending on process type and energy sources [16]. Mechanical recycling
is generally considered more economically viable and environmentally efficient than
chemical recycling due to lower energy demand and reduced use of additives [17].

Within the AM research landscape, recycling studies have predominantly focused on
material-level characterization rather than on integrated process or system-level
assessments. Prior work has investigated recycled filaments derived from PET [18], Nylon
6 [19], and aluminium/plastic packaging waste [20], primarily evaluating mechanical and
rheological properties. The most recycled polymers for AM include PLA, ABS, PET, HDPE,
PP, and PS [21], while research on polyamides remains limited and does not address
automotive waste streams. Existing studies on PA12 largely focus on powder reuse in
Laser-based Powder Bed Fusion of Polymers (PBF-LB/P) processes, examining powder
aging and closed-loop reuse strategies [22-27]. More recent contributions explored
converting residual PBF-LB/P powder into pellets or filaments suitable for Material Extrusion
(MEX) [28-30]. However, the recycling of end-of-life PA12 parts from automotive AM
prototyping has not been systematically investigated. Although PA12 filaments have been
shown to withstand multiple remelting and shredding cycles without significant mechanical
degradation [31], the effects of shredding and reprocessing printed components remain
insufficiently understood.
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The present study is motivated by an industrial problem identified at an automotive
prototyping facility, where a continuous and increasing amount of PA12 powder waste is
generated as byproduct from PBF-LB/P processes, leading to high disposal costs, loss of
valuable material, and environmental impacts associated with transportation and end-of-
life treatment. Economically, waste disposal costs are significant and regulatory pressure
on waste management is increasing. From an environmental perspective, PA12 waste
contributed to non-negligible CO2 emissions. Against this background, this work develops
an AM oriented assessment sustainability framework that integrates technical performance
with environmental, economic, and social considerations. The framework is applied to an
industrial case study on the mechanical recycling of PA12 waste from automotive AM
prototyping into filament for MEX, targeting tooling applications such as jigs and fixtures.
For the technical assessment, this study includes an experimental evaluation of recycled
PA12 filaments produced from different compositions for old powder and old prototypes,
focusing on printability and mechanical performance. Tensile testing of MEX-printed
specimens is conducted to assess material stability and variability resulting from the
recycling process. For the economic, social, and environmental assessment, a set of
dimension-specific indicators is defined to capture different impacts associated with the
alternative recycling pathways. A multi-criteria decision-analysis approach based on the
Best-Worst Method (BWM) [32] is employed to evaluate alternative recycling pathways in
alignment with industrial priorities. By linking experimental material performance with AM
process requirements, sustainability indicators, and operational constraints, the study
contributes to the development of industrially viable recycling strategies for AM.

Materials and Methods

Framework for Sustainable Production

For the scope of the work, a structured assessment framework was developed, based on
four dimensions of sustainability (4DS): technical, environmental, economic, and social

(Figure 1), to support the decision-making process.
TECHNICAL
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Figure 1: Four dimensions of sustainability (4DS). Picture by the author. Icons by Athok from
Noun Project [33].
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The technical dimension addresses factors related to the properties of the materials under
consideration. The environmental dimension encompasses impacts associated with
resource use, and emissions, adopting a life cycle perspective [34]. The economic
dimension considers aspects related to costs, investments, and economic feasibility [35],
[36]. The social dimension includes organizational and human-related factors, such as
working conditions, and stakeholder acceptance. The framework follows ten sequential
steps designed to include the 4DS and ensure transparency, adaptability, and
reproducibility (Figure 2). These include problem definition, analysis of the Business as
Usual (BaU), definition of objectives and indicators, system boundary definition, pathway
design, indicator screening, qualitative and quantitative assessment, multi-criteria decision
analysis with the adoption of the BWM, and final pathway selection. The framework is built
on the Lowell Indicator Framework developed by the Lowell Center for Sustainable
Production [3], [4]. Objectives and indicators were selected following established
approaches for industrial sustainability assessment [37-41].

System boundaries were defined by direct constraints (e.g., regulatory, geographical,
operational) and indirect factors (e.g., stakeholder relations, strategic positioning) [42].
Pathways differ in material composition, and logistical setup. The qualitative assessment
was performed through the analysis of dimension-specific indicators to screen alternatives
and exclude technically or organizationally infeasible options. Performance evaluation was
then conducted through quantitative analysis of the selected indicators. The BWM was
applied to support the weighting of assessment dimensions and aid in the selection of the
most suitable pathway, leading to a final decision aligned with the defined evaluation
criteria.

1. Problem definition.

10. Selection of the sustainable 2. Determine the relevant aspects
pathway of the Business As Usual.

/ \

9. Weight 4DS and indicators with 3. Set objectives and indicators

the Best-Worst Method within the 4DS.
8. QUANTITATIVE assessment 4. Define system’s boundaries

5. Design potential recycling

7. QUALITATIVE assessment
pathways.

6. Screening of relevant indicators
according to their applicability and
system's objectives.

Figure 2: Framework for evaluating sustainable recycling pathways in automotive prototyping
processes. Picture by the author.
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Case study and recycling pathway definition

This section covers from the problem definition to pathway design (Step 1-5). The
framework was applied to the case study of mechanical recycling of PA12 waste from
automotive prototyping from PBF-LB/P processes. After repeated reuse cycles, PA12
powder and end-of-life prototype parts no longer meet production requirements and are
treated as waste. The objective was to evaluate alternative pathways to convert this waste
(both old powder and discarded prototypes) into different filaments suitable for MEX for
tooling applications, and through the implementation of the framework, assess their
performance and select one specific pathway.

Based on the company’s sustainability objectives, technical, economic, social and
environmental indicators were selected. An initial indicator set was defined across the 4DS
to reflect relevant performance and operational feasibility. For the assessment, system
boundaries were defined to include the collection, processing (recycling), and reintegration
of recycled material, distinguishing between internal and external recycling pathways.
Internal recycling involves material processing within the originating production system,
whereas external recycling relies on third-party processing, introducing additional logistics
but offering access to specialized infrastructure.

Six recycling pathways were defined, differentiated by internal versus external recycling
and by the ratio of shredded PA12 parts (flakes) to old PA12 powder. Pathways included
internal recycling without mixing (A), and with mixing (B), external recycling abroad
without mixing (C), and with mixing (D), external recycling domestically without mixing
(E), and with mixing (F). Mixing ratios ranged from 90/10 to 50/50 flakes-to-powder. All
pathways included collection, manual sorting of PA12 parts, removal of attachments,
shredding to approximately 6 mm flakes (Figure 3), and drying at 80 °C prior to extrusion.
Shredding in-house was performed using a shredder (Figure 4; specifications in Table 1).
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Figure 3: PAiZ mat‘elrr'ial after Figure 4: Polym.er:s parts
shredding process (6mm flakes). shredder. Picture by the author.
Picture by the author.
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Table 1: Technical characteristics of the shredder purchased for recycling [43].
Characteristics Value
Type D30.50
Motor power 7,5 kW
Voltage supply 400 V/50 Hz
Rotor speed 450 rpm
Stator knives 2
Rotor knives 6
Cutting chamber opening 395 mm x 500 mm
Sieve size 5-15mm
Throughput > 250 kg/h
Weight 600 kg
Noise emission value < 85dB

Assessment and selection of the recycling pathway

This section covers from the screening of the indicators until the selection of the best
recycling pathway after the assessment (Step 6-10). Indicators previously selected were
screened based on data availability, relevance to AM end-use, and ability to differentiate
between pathways. Non-discriminatory indicators were removed prior to qualitative and
quantitative assessment. For the final set, technical indicators included recycled material
quantity, printability rate, transport distance, energy use, process lead time, and variability
in tensile properties. Environmental indicators included transport and equipment related
CO2 emissions and noise pollution. Economic indicators captured investment requirements,
and operating and disposal costs, while social indicators covered workers acceptance,
training required, and ease of management. Qualitative pre-screening was performed
using the indicators defined to assess the feasibility of the initially defined recycling
pathways. The assessment focused on technical practicability and organizational
compatibility within the defined system boundaries. Pathways associated with limited
feasibility were excluded (the ones involving internal recycling), reducing the pathway set
to the four most promising options (C, D, E, F) for further analysis.

In line with the defined indicators, economic, social, and environmental performance were
evaluated based on experimental calculations, operational data from the facility, and
secondary sources such as emission factors. Technical performance was assessed
experimentally through tensile testing of MEX-printed specimens produced from recycled
PA12 filaments, using tensile strength and elongation at break as indicators of material
stability. The resulting indicator values were aggregated and weighted using the BWM to
reflect company-specific sustainability priorities and support pathway selection.

Experimental setting and validation of the recycled material
Material suitability for MEX was assessed using a BCN3D Sigma D25 printer (Figure 5;
specifications in Table 2) operating under an open-material system. Type 1A specimens
were used for tensile testing of the materials (Figure 6; dimensions in Table 3) [44].
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Figure 5: BCN3D Sigma D25 [45].
Table 2: Main technical characteristics of the MEX printer BCN3D Sigma D25 [45].
Characteristics Value
3D printing technology Material Extrusion (MEX)
Architecture Independent Dual Extruder (IDEX)
Printing volume 420mm x 300 mm x 200 mm
Number of extruders 2
Supported files *. gcode
Nozzle diameter 0,4mm — 0,6 mm — 0,8 mm
Filament diameter 2,85 £ 0,05 mm
Open filament system Yes
File preparation software BCN3D Stratos

Figure 6: Standard test specimen Type 1A in DIN EN ISO 527-2 [44]: (a) 3D model (left) and
(b) technical dimensions (right).

Table 3: Specimen Type 1A dimensions (ISO 527-2:2012) [44].

Symbol Characteristics Value

I3 Total length 170 mm

l1 Length of the narrow parallel part 80 £ 2 mm

r Radius 24 £ 1 mm

2 Distance between the wide parallel sides 109,3 £ 3,2 mm
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A preliminary parameter study was conducted to define a standard print job. Four print
jobs were executed using identical PA12 filament while varying infill density and infill
pattern, identified as key parameters influencing mechanical performance in MEX [46].
Filament was dried at 80 °C for at least three hours prior to printing to mitigate moisture
effects [47]. Eleven specimens per job were tested, and tensile strength and elongation at
break were evaluated (Figure 7). Tensile testing was conducted under controlled
environmental conditions (22 °C, 50% Relative Humidity) using an in-house testing
machine (Figure 8). The configuration with 100% infill density and a 45°-line pattern
yielded the highest mechanical performance and was selected for subsequent validation.
For the official printing process of the different filaments obtained from the remaining

Width at the ends

Width of the narrow part
Preferred thickness

Measuring length

Initial spacing of the terminals

20,0 £ 0,2 mm
10,0 £ 0,2 mm
4,0 £0,2mm
75,0 £ 0,5 mm
115+ 1 mm

recycling pathways, five specimens per job were printed (Figure 9).

Figure 7: Elongation at break VS Tensile strength for PA12 filament with different infill
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Figure 8: Tensile testing machine adopted at the company's facility [48].
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Figure 9: Material validation procedure: (a) Standard print job (left) and (b) Test specimens
labeled after the print job (right). Picture by the author.

For the quantitative assessment, technical indicators were derived from experimental
tensile testing results of recycled PA12 filaments, reflecting material stability and
mechanical variability. Environmental and economic indicators were calculated using
operational data in combination with literature-based energy and emission factors. Social
indicators were calculated based on process-related parameters, interviews and surveys
among the production employees. Following the quantitative assessment on the selected
indicators, the BWM was applied across the dimensions to align the results with the
company’s priorities. The results of the calculations obtained from the quantitative
assessment and the BWM application are discussed immediately below.

Results

Following the experimental setup validation for the recycled PA12 filaments, this section
presents the results of the quantitative assessment and the subsequent evaluation of the
selected recycling pathways. The experimental findings are then incorporated into the
sustainability assessment and multi-criteria decision analysis to support comparison
between pathways.

Mechanical testing results

Internally produced filaments (Pathways A and B) exhibited unstable diameter and
inhomogeneous composition, leading to feeding issues and under-extrusion during MEX
printing. As a result, these pathways were excluded from further consideration. Externally
produced filaments demonstrated consistent diameter and reliable printability (Figure 10),
enabling mechanical testing.

Figure 10: Recycled PA12 filament obtained through Pathways C and D. From right to left there
are respectively 100% flakes (no mixing), 90% flakes, 80% flakes, 70% flakes, and 50%
flakes. Picture by the author.
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Tensile testing revealed significant variability in elongation at break across mixtures (Figure
11). In general, higher flake content was associated with increased elongation at break,
although the 80% flake mixture deviated from this trend. No consistent fracture pattern
was observed visually (Figures 12-16), indicating heterogeneity in recycled material
quality.

Comparison of el ion at break in %
for different groups of recycled material

Tensile strength in MPa for different groups of recycled filament
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Figure 11: Tensile testing comparison results on the different mixtures for Pathways C and D:
(a) Tensile strength (left) and (b) Elongation at break (right). Picture by the author.

Figure 12: Test specimens before/after tensile testing - Filament 100% flakes content: (a)
before (left) and (b) after (right). Picture by the author.

Figure 13: Test specimens before/after tensile testing - Filament 90% flakes content: (a) before
(left) and (b) after (right). Picture by the author.
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Figure 14: Test specimens before/after tensile testing - Filament 80% flakes content: (a) before
(left) and (b) after (right). Picture by the author.

Figure 15: Test specimens before/after tensile testing - Filament 70% flakes content: (a) before
(left) and (b) after (right). Picture by the author.

Figure 16: Test specimens before/after tensile testing - Filament 50% flakes content: (a) before
(left) and (b) after (right). Picture by the author.

Quantitative assessment results

Quantitative indicator results for the selected pathways (C, 4D, E, 4F) are summarized in
Table 4. All selected pathways showed substantial improvements compared to the baseline
disposal scenario, particularly in reduced waste generation and avoided disposal impacts.
The quantitative assessment revealed differences in economic, environmental, social, and
technical performance among the evaluated recycling pathways.

11
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Table 4: Quantitative assessment with real data.

Indicators Unit C D E F
Recycled flakes quant. [kg/spool] 1.67 0.63 1.67 0.63
Recycled powder quant. [kg/spool] 0 0.63 0 0.63
SD elongation at break [%] 36.03 12.92 36.03 12.92
Total vehicle distance [km] 13814 14553 3818 4292
Energy used for transp. [kWh] 127.08 416.44  87.93 274.95
Time required [days] 67 67 34 34
CO2 emissions transp. [kgCOz2eq] 46.76 129.44  22.72 75.51
CO:2 emissions equipment [kgCOz2eqg/spool]  0.0114 0.0043  0.0114 0.0043
Noise duration [min/spool] 0.4 0.15 0.4 0.15
Preference (pathway) [%] 84.62 15.38 84.62 15.38
Preference (filament) [%] 67 33 67 33
Ease of management [%] 0 0 100 100
Number of manual steps [N] 3 5 3 5

Technical performance differed across pathways as a function of material stability and
process robustness, with recycled PA12 filaments showing varying mechanical behavior
depending on the flakes/powder ratio. Externally implemented pathways exhibited higher
transport energy use and CO2 emissions due to additional logistical steps, whereas
internally implemented routes showed reduced transport distances and shorter process
times. Economic performance varied primarily with process time and material output.
Social performance varied with manual handling requirements, noise exposure, and
organizational complexity, with differences observed between internally and externally
implemented routes.

Multi-criteria decision analysis and pathway ranking

Application of the BWM indicated that technical and economic dimensions carried the
highest weight, followed by social and environmental dimensions. Weighted aggregation
of indicator scores showed that Pathway E (external domestic mechanical recycling, 100%
flakes) achieved the highest overall score, combining robust technical performance,
favorable stakeholder acceptance, and good environmental performance in comparison to
the other pathways. Pathway C achieved strong technical and economic scores but was
penalized by higher transport-related environmental impacts. Mixed-material pathways (D,
F) achieved moderate overall performance but showed reduced controllability and
integration. Overall, Pathway E was identified as the most suitable option for
implementation, offering the most balanced trade-off between AM process reliability,
operational feasibility, and system-level performance.

Discussion

Experimental methodology

The experimental methodology adopted in this study was designed to reflect industrially
relevant conditions while maintaining sufficient standardization to allow comparability
between recycled material variants. Tensile testing of MEX-printed specimens was selected
as the primary characterization method, as it provides a well-established basis for
evaluating mechanical performance of polymer-based additively manufactured materials

12
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and is commonly used in both academic and industrial contexts. The choice of tensile
strength and elongation at break as key indicators was motivated by their sensitivity to
material degradation, heterogeneity, and processing-induced defects, which are
particularly relevant for mechanically recycled polymers. A standardized printing
configuration was intentionally applied across all material variants to isolate the influence
of material composition from process-related variability. In an industrial context,
parameter optimization could partially compensate for material variability; however, the
chosen methodology provides a conservative and robust assessment of material
performance under fixed processing conditions.

Overall, the experimental methods used in this study support the objectives of the four-
dimensional sustainability framework. Rather than aiming to demonstrate maximum
achievable material performance, the experiments provide decision-relevant input on
material stability, process robustness, and suitability for non-safety-critical tooling
applications. This alignment between experimental design and decision-making
requirements strengthens the integration of material testing into the broader sustainability
assessment and supports the identification of practically implementable recycling
pathways.

Interpretation of pathway performance and decision outcome
Application of the 4DS framework enabled a systematic comparison of PA12 recycling
pathways differing in flakes-to-powder ratio and production location, integrating technical,
environmental, economic, and social criteria. The comparison of recycling pathways
indicates that sustainability performance is primarily influenced by logistical configuration
and organizational complexity rather than by material processing alone. As summarized in
Table 4, externally implemented pathways show higher transport-related energy use and
CO2 emissions due to additional logistics, negatively affecting their environmental
performance, whereas internally implemented pathways benefit from reduced transport
distances and shorter process times, resulting in more favorable economic and
environmental indicator values. When these differences are integrated into the multi-
criteria decision analysis, the BWM weighting assigns greater importance to technical and
economic dimensions, amplifying the relative advantage of internally implemented routes.
Social performance further differentiates the pathways, reflecting trade-offs between
process transparency, operational control, and coordination effort.

The unweighted qualitative and quantitative assessments consistently identified Pathway
E (based on 100% recycled flakes and fully domestic processing) as the most suitable
option. This pathway combined the highest recycling efficiency with the shortest transport
distance, resulting in the lowest transport-related energy consumption, reduced CO:2
emissions, and the shortest overall completion time. From an AM perspective, these factors
directly support material availability, process reliability, and production planning. Although
Pathway E generated slightly higher noise levels due to more frequent shredding operations
and incurred higher production costs compared to international alternatives, these
drawbacks were offset by improved operational efficiency and enhanced process control.
Pathway F (50/50 flakes—-powder, domestic) ranked second, followed by Pathway D (50/50,
international) and Pathway C (100% flakes, international), illustrating the trade-offs
introduced by powder inclusion and longer logistics chains.

When stakeholder preferences were incorporated through the BWM [32], the ranking
shifted toward economically favorable solutions, emphasizing investment and disposal

13
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costs over purely environmental or technical indicators. Under this weighted evaluation,
Pathway E remained the top-performing option, albeit with a reduced margin, while
Pathway C moved into second position due to its lower total investment requirements
despite international transport. This shift demonstrates how subjective weighting based on
company priorities can meaningfully alter sustainability evaluations, highlighting the
tension between ecological efficiency and economic practicality. Social factors further
influenced pathway performance: employees expressed a clear preference for handling
flakes over powder, citing easier management and fewer perceived health concerns, which
consistently favored flake-based pathways (C and E). This finding aligns with prior studies
noting that circular practices can create new opportunities but may also introduce
occupational risks if not properly managed [49-51].

The primary strength of the 4DS framework lies in its alignment with industrial and AM
requirements through the explicit integration of technical, economic, environmental, and
social dimensions. This enables balanced trade-off analysis and prevents the dominance of
a single sustainability aspect. The stepwise and iterative structure supports rapid
implementation and adaptation to changing objectives, while indicator screening limits
unnecessary data collection, making the framework suitable for industrial contexts with
constrained time and data availability.

A key limitation is that the framework does not explicitly quantify the magnitude of
differences between indicator values, as it identifies the best-performing pathway per
indicator without weighing the size of performance gaps. In addition, results depend on
stakeholder-defined priorities, which can reduce the influence of lower-weighted
dimensions. Despite these limitations, the framework provides effective decision support
for identifying AM-relevant recycling strategies that balance sustainability performance
with operational feasibility and business objectives.

Conclusion

This study addresses the need for sustainability assessment approaches in AM that
explicitly account for technical feasibility alongside environmental, economic, and social
considerations. While sustainability frameworks are increasingly applied in manufacturing
research, their relevance for AM is often limited by insufficient integration of process-
specific requirements and material performance. To address this gap, an AM-oriented four-
dimensional sustainability framework was developed and applied to the mechanical
recycling of PA12 waste from automotive AM prototyping into filament for MEX.

In addition to the methodological assessment, the study included experimental evaluation
of recycled PA12 filaments produced from different flakes/powder compositions. These
experimental results were integrated into a quantitative sustainability assessment and a
multicriteria decision analysis based on the BWM. The findings demonstrate that the most
suitable recycling pathway for AM does not necessarily correspond to the lowest-cost or
lowest-impact option when considered in isolation. Instead, recycling strategies that
balance material performance, process robustness, and operational constraints achieve the
highest overall sustainability performance. From an AM research perspective, this work
contributes a structured approach for linking material recycling, process requirements, and
industrial decision-making, supporting the development of practically implementable
circular material strategies for AM applications.
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