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ABSTRACT: Various methods, such as LCA, LCC, or circularity indicators, are used to integrate sustainability
into product development. However, these approaches often require extensive expertise in both processes and
sustainability, which is not always available in combination. This paper introduces a framework based on the
double diamond model, structured into (1) a preliminary assessment, (2) a collaborative workshop, and (3) a
prioritization process. It aims to help engineers identify sustainability improvements without requiring prior
expertise. A case study on an industrial digital printing system identified five opportunities for enhancing
sustainability. Three measures were validated using LCA and the RPR metric. The study resulted in seven
principles for sustainable printer design, with a lightweight door design, reduced number of rivets, and logistical
improvements as key outcomes.
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1. Introduction
Among other challenges, a significant shift toward sustainability is experienced across industries:
Companies are challenged to reduce environmental impacts, conserve resources, and align with
regulations (CSRD, 2022; Fetting, 2020). This is particularly relevant for industrial digital printing,
where material efficiency, recyclability, and circularity present key sustainability challenges (Kariniemi
et al., 2010). Addressing these challenges may seem overwhelming for engineers or designers who have
no sustainability knowledge or are not trained in using sustainability tools or methods, eventually leaving
them frustrated and preventing them from unlocking sustainability potential in their specific field of
expertise (Boks & Diehl, 2006; De Eyto et al., 2008; Mengistu et al., 2024).

2. State of the art

2.1. Sustainable product design and the double diamond model
Sustainable Design of Products (SDP) emerged in the 1990s, emphasizing environmental optimization
and equitable resource distribution across nations and generations (Van Weenen, 1995). Since then,
various guidelines, principles, and evaluation methods have been developed to support SDP. For
instance, Jawahir et al. (2006) introduced six design principles focusing on environmental and social
impact, recyclability, functionality, manufacturability, and resource utilization. Similarly, Hallstedt
(2017) and Wiesner (2022) propose comprehensive frameworks incorporating stakeholder perspectives
and evaluation methods.
Eco-design guidelines emphasize lifecycle impacts and offer detailed suggestions across pre-
manufacturing, manufacturing, use, and end-of-life stages. While these provide over 200
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recommendations, their implementation only sometimes guarantees greener solutions, leading to revisions
for higher-level usability (Russo, Rizzi, & Spreafico, 2017). Frameworks like the Product Lifecycle Matrix
identify sustainability priorities across lifecycle phases (Lindemann et al., 2001).
Broader Approaches that are more generally applicable, like those by Oh (2017), emphasize actionable
strategies with examples to guide users, while the principles by Caldeira et al. (2022) focus on material
efficiency, renewable resources, and design for end-of-life. Circularity-focused guidelines typically
provide general and specific strategies, including reuse and remanufacturing, but vary in applicability
(Bauer et al., 2017; Lindemann et al., 2000, 2002). Other approaches offer frameworks to identify
sustainability hotspots but note the need for more product-specific guidance (Byggeth et al., 2007).
A widely applicable framework in product design is the double diamond model. It is a structured design
framework that visually represents the problem-solving process through four key phases: (1) Discover,
(2) Define, (3) Develop, and (4) Deliver. It provides a clear, iterative approach to exploring challenges,
identifying key issues, generating solutions, and refining them into implementable outcomes.
Recognized for its accessibility and versatility, the model supports collaboration across disciplines
and has been widely applied in product development, innovation, and sustainability improvements.
(Design Council, 2004)

2.2. Lifecycle assessment and circular economy
Lifecycle assessment (LCA) is a widely used methodology for evaluating sustainability criteria across
social, ecological, and environmental dimensions (Guinée, 2016). It is guided by several standards, such
as the Greenhouse Gas Protocol (2023) or ISO 14040:2006, which outline structured assessment
processes from boundary definition to data collection and evaluation. Various databases provide
ecological information on materials and processes to support LCA, while digital tools streamline
workflows by integrating these resources.
The circular economy concept aims at minimizing resource input, waste, emissions, and energy losses
through regenerative systems that slow down, close, and restrict material and energy cycles (Geissdoerfer
et al., 2017). While LCA effectively evaluates sustainability impacts, it does not address product
disassembly or overall circularity. Indicators like the Material Circularity Indicator (MCI) and the
Circularity Index (CI) have been developed to assess circularity (Hapuwatte et al., 2023), while the
Relative Product-Inherent Recyclability (RPR) metric indicates whether a measure improves
recyclability (Roithner et al., 2022). Martins et al. (2024) highlight that combining LCA with MCI
enhances sustainability assessments, offering complementary insights for enterprises.

2.3. Industrial digital printing
The industrial printing sector faces sustainability challenges and opportunities similar to those of other
industries. Companies like HP Inc. have implemented targeted measures, such as the High-Efficiency
Drying (HED) technology in the HP PageWide A2200 printer, which reduces energy consumption and
carbon footprint by recirculating hot air (HP Inc., 2022). Circular design principles are also applied more
frequently: HP Inc. aims for 75% circularity in products and packaging by 2030 through initiatives like
reselling pre-owned presses, which extend product lifespans and reduce waste (HP Inc., 2016).
Digital printing systems offer significant advantages over offset printing from an environmental
perspective. By eliminating energy-intensive aluminum plate production, supporting short and
customizable print runs, and reducing paper waste, these systems are well-suited to applications such
as flexible packaging (Kodak, 2023). While the substrate and printing process account for the most
significant environmental impacts across the lifecycle, the design of printers also presents opportunities
for sustainability gains. For instance, optimizing material usage and recyclability in printer components
can complement efforts to reduce the industry’s environmental footprint (Kariniemi et al., 2010).

2.4. Research gap
The existing SDP approaches offer strategies for integrating sustainability into product development.
They emphasize principles like recyclability, resource efficiency, and circularity (Byggeth et al., 2007;
Russo, Rizzi, & Fayemi, 2017). However, many of these approaches assume expertise not always
available in engineering teams, often requiring detailed data inputs or specialized knowledge, which
limits their practical applicability.

2024 ICED25



The need for product-specific yet broadly applicable guidance remains a significant gap in achieving
sustainability goals in product development. This limitation is particularly pronounced in digital printing
systems, where tools like Life Cycle Assessment (LCA) and circularity indicators demand significant
expertise and resources. Furthermore, existing voluntary eco-design guidelines for imaging equipment
exclude high-speed industrial printers, leaving critical sustainability challenges in this sector yet to be
addressed (European Commission, 2013).
Other frameworks focus on streamlined LCA at the organizational level, often leaving non-expert
engineers needing the necessary tools to address sustainability at the product level (Clune & Lockrey,
2014; Russo & Spreafico, 2020).
This paper addresses the gap between general sustainability principles and their practical application in
engineering. Specifically, it aims to:

1. Adapt the double diamond model to enable engineers to identify sustainability improvement
opportunities using their domain knowledge, thus minimizing reliance on external experts.

2. Validate the approach through a case study on an industrial digital printing system,
demonstrating its ability to guide the evaluation of improvement measures using LCA and
circularity indicators.

3. Derive generally applicable, practical guidelines for sustainable printer design to be adapted and
used within the industry.

This approach should provide engineers and designers with the tools to independently identify and
address sustainability challenges without a need for profound sustainability knowledge.

3. Methodology

3.1. Literature review
A systematic literature review was conducted to identify relevant publications. As Blessing &
Chakrabarti (2009) suggest, the keywords shown in Table 1 were logically linked and used for an
advanced search within SCOPUS. Abbreviations were treated as synonyms on their own. The review
excludes literature published before 2014, reduces the field of research to engineering, and only includes
literature containing the keyword sustainability. Over 200 abstracts were screened for relevance.
Technical white papers, special interest journals, basic literature, and regulatory documents from

organizations like the European Union were additionally consulted.

3.2. The adapted double diamond model for sustainability improvements
The adapted double diamond for finding sustainability improvement potentials is shown in Figure 1. The
focus is on the first diamond, as the Define phase should result in tangible requirements, i.e.,

Table 1. Research strategy plan for identifying existing methods for finding
sustainability improvements in the context of digital printing

Digital PrintingProduct DevelopmentSustainability
Industrial PrintingProduct DesignEcodesign

Printing SystemDesign ThinkingCircularity

Digital PrinterMethodologyCircular Economy (CE)

Industrial PrinterFrameworkTriple Bottom Line (TBL)

Imaging EquipmentLife Cycle Assessment (LCA)

Life Cycle Costing (LCC)

Life Cycle Inventory (LCI)

AND

OR
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sustainability improvement potentials. From there onwards, the engineer can implement the identified
potential according to their core expertise without a need for additional sustainability knowledge.
To enable engineers to find potential sustainability improvements, the following measures are considered
during the first two phases of the Double Diamond:

a) Preliminary Assessment: The Discover phase is used to identify sustainability hotspots through
surveys based on established sustainability principles and guidelines. This survey addresses all
internal stakeholders, such as engineering, sales, quality assessment, etc. Participants are asked
questions based on the categories (1) Using Standards and Guidelines for Sustainability, (2)
Efficiencies, (3) Circularity, (4) Waste, (5) Longevity and Simplicity, (6) Renewable Resources,
and (7) Over-exceeding Targets (Caldeira et al., 2022; Oh, 2017). Furthermore, participants are
asked to rate the system regarding the Product Sustainability Index (Shuaib et al., 2014). Questions
included open-ended responses and multiple-choice options. This process leverages the
participant's knowledge and puts this into perspective regarding sustainability. To enhance the
response rate, this process should be initiated internally and not by external consulting (Kraus &
Kreitenweis, 2020).

b) Collaborative Workshop: During the transition between the Discover and Define phase, the
survey results are evaluated by Qualitative Content Analysis (QCA) to identify specific areas for
improvement (Mayring & Fenzl, 2014). Possible measures are then discussed, and promising ideas
are developed further. Discussing these concretized topics with as many stakeholders as possible is
crucial to enabling strategic decisions at an early design stage (Dewulf, 2013).

c) Prioritization and Evaluation: In the Define phase, QCA validates potential sustainability
improvements according to the company's needs. Criteria may be mass, energy consumption, and
material carbon footprint, but are not limited to them. This results in a weighted list of potential
sustainability improvements.

Compared to other approaches, such as Clune and Lockrey's (2014) LCA-based framework, the
presented approach focuses on the product level rather than organizational strategies. This makes it
applicable to engineering contexts: No expertise in sustainability tools like LCA is needed, yet those
tools may be used to validate the actual sustainability improvement of the proposed measures.

3.3. Case study setup
The study was conducted onsite at a digital printer manufacturer. Its objective was to identify and
evaluate sustainability improvement potential that could lead to actionable design modifications. The
decision-making process onsite focused on selecting feasible measures based on potential impact and
implementation effort. To protect the manufacturer's interests, neither the printing system nor the
manufacturer are stated here; part and unit names are changed and generalized. The employees involved
in this study were engaged in developing, constructing, and manufacturing the printing system.

3.4. Process and evaluation
The process shown in Figure 2, according to the framework defined in Section 3.2, was presented and
introduced in one of the manufacturer's department meetings.

(1)
Discover

(2)
Define

(3)
Develop

(4)
Deliver

Core Expertise
of Engineer

ProductDemand Potentials

a) Preliminary
Assessment

b) Collaborative
Workshop

c) Prioritization
and Evaluation

rati ) Prioriiitttttttiiiiiiiizb) Coll

Figure 1. Double Diamond, adapted from the Design Council (2004), with essential phases for
finding potential sustainability improvements
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The preliminary assessment starts with a questionnaire initially tested with a small group of employees to
ensure clarity and usability. The survey was then distributed digitally and in printed form to 66
employees, achieving a 30.3 % response rate after 16 days.
The data collected was reviewed during pre-analysis to prepare for discussion rounds. Most frequently,
aspects related to efficiency during use, long lifetime and uncritical resources, and recycling occurred.
Efficient manufacturing, reuse, and repairability also seemed essential to the participants. Responses
were categorized based on themes such as parts, processes, materials, and sustainability principles.
Categories frequently appearing or mentioned across departments were prioritized as potential
improvement areas and discussed further during the discussion rounds.
Next, two discussion rounds were conducted. These sessions encouraged employees to expand on survey
responses, explore additional topics, and share their perspectives on sustainability challenges. Topics
discussed ranged from material usage and energy efficiency to logistics and packaging.
The insights from the questionnaire and the discussion rounds were analyzed using QCA regarding
presumed cost, sustainable impact, and mass. This led to five discovered sustainability improvement
potentials, three of which were selected for further investigation.

4. Results

4.1. Discovered sustainability potentials
As mentioned, the workshop identified five key topics with significant potential for sustainability
improvement. Their assessment is shown in Table 2, which was based on QCA. The detailed topics are:

1. Recyclability of frame components: Improving recyclability by optimizing material selection,
surface treatments, and disassembly.

2. Sheet metal offcuts: Reducing material waste during manufacturing by optimizing panel designs
and cutting processes.

3. Reusing packaging components: Investigating the feasibility of returning and reusing
transportation locks and angle brackets, reducing the need for new components.

Prioritization
and Evaluation

Collaborative
Workshop

Preliminary
AssessmentIntroduction

Presentation during
department meeting
Information per mail

Pre-Analysis

AnalysisQuestionnaire

Decision

Sent to 66 employees
16 days to answer
1 reminder
20 surveys returned

5 promising ideas
Evaluating regarding
- Mass
- Carbon Footprint

Two in total
max. 15 participants
max. 1 hour
Topics based on
Pre-Analysis, e.g.,
- Packaging
- Drying Concepts
- Frame Recycling

Discussion
round(s)

Figure 2. Case study setup showing the approach, including milestones and results

Table 2. Evaluation results of identified potentials for sustainability improvement

Characteristic
(1) Recycling
frame components

(2) Sheet
metal offcuts

(3) Reusing packag-
ing components

(4) Drying con-
cept efficiency

(5) Insulation
material

Mass High Medium Medium High Low
Energy consumption Low / / High Low
Carbon footprint High Medium Medium High Low
Cost High Low Medium High Low
Overall Potential High Medium Medium High Low
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4. Drying concept efficiency: Addressing energy consumption and emissions linked to drying
processes and materials.

5. Insulation material: Using renewable insulation materials to reduce environmental impact.

Topic (5) insulation material showed lower overall improvement potential due to limited material usage
and was not pursued further. In contrast, topic (4) drying concept efficiency was given a high
sustainability potential; however, the opportunity for improvement mainly lay with process character-
istics, such as the ink's chemical composition, and was not pursued further. This leaves the three topics
(1) - (3) to explore in detail.

4.2. Implementation and validation of discovered potentials
The three selected topics were investigated in agreement with the manufacturer. Their environmental
impact was assessed using LCA and RPR. Based on the ReCiPe midpoint (H) method, LCA evaluated

carbon footprint, material efficiency, and metal depletion, while RPR used statistical entropy to compare
recyclability before and after design changes. The results quantitatively validated each measure’s
sustainability potential. Table 3 summarizes the main concepts, constraints, and findings.
Firstly, to enhance the recyclability of the printer's frame components, blind rivets were substituted with
mono-material variants made of steel for both the head and shaft. This change increases material purity
and supports recyclability. Validation was conducted using the RPR metric applied to the printer's main
module and sub-modules. The results indicate a utilization of up to 1.2 % of the remaining recyclability
potential and an increase of 0.22 percentage points in the RPR metric on the sub-module level. However,
mono-material rivets are more expensive, potentially impacting cost-effectiveness.

Table 3. From idea to result of the examined sustainability potentials

(1) Recyclability of Frame
Components

(2) Sheet Metal
Off-Cuts

(3) Reusing Packaging
Components

Idea Improve recyclability by
increasing material purity

Reduce raw material demand
by increasing material
efficiency

Return and then reuse
packaging material instead
of manufacturing new
ones

Implementation
measure

Substitute blind rivets with
different materials for the
head and shaft with mono-
material rivets (recycling-
driven rivet selection)

Redesign stiffening structures
for paneling doors so that
they cause less waste
material, e.g., by fitting
better with standard steel
panel sizes

After installation, return
product-specific
transportation locks (made
of steel) by plane, ship, or
truck

Functional
constraints

No change in the assembly
process

No significant downgrade
regarding the doors' stability;

None

No size or design changes
Validation:
Investigated
subject

Product structure of the
printer's main module and
its sub-modules

Four paneling concepts with
reduced numbers of parts

Return scenarios from
different locations and
varying transportation

Validation:
Method

RPR applied to the entire
main module and its five
sub-modules;
Cost comparison of mono-
and multi-material rivets

FEM: deformation and modal
analysis of original and
proposed designs;
LCA: Compare impacts from
raw material demand and
jointing

LCA: Compare relevant life-
cycle impacts of
manufacturing and
returning transportation
locks;
Cost comparison

Results Utilization of up to 1.2 % of
the remaining recyclability
potential;
Up to + 0.22 pp increase in
RPR on sub-module level;
Mono-material rivets are 2 –
4 times more expensive

Two acceptable concepts with
slightly reduced mass and
emissions, yet slightly worse
stability

Returning is always more
sustainable than
manufacturing
Returning by ship or truck
is always cheaper; plane
location dependent
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Next, raw material demand was reduced by aligning stiffening structures with standard sheet sizes,
minimizing off-cuts. Finite Element Modeling (FEM) confirmed stability in some redesigns, leading to
two concepts with lower mass and improved resource efficiency.
Finally, the reuse of transportation locks was evaluated as an alternative to manufacturing new locks. The
proposed measure requires logistical adjustments, as the components must be returned and reused
without additional processing. Different return scenarios are examined, incorporating locations and
transportation modes like ships, airplanes, and trucks, as shown in Figure 3 (left). Results confirm that
returning locks is consistently more sustainable than producing new ones. Figure 3 (right) shows those
results, with the baseline scenario in bold and the comparison according to EU's JRC (2010) of the best-
case manufacturing scenario with the worst-case transportation scenarios in italics. Even in worst-case
scenarios, transportation is substantially more sustainable than a best-case manufacturing scenario.
Additionally, transportation via ship or truck proved to be more cost-effective and environmentally
friendly in general, while the viability of air transport is location-dependent.

5. Discussion

5.1. Validated sustainable impact
The three measures selected for detailed evaluation were chosen based on their assessed sustainability
improvement potential, as indicated in Table 2. Replacing rivets with frame-compatible materials, such
as steel for both the shaft and mandrel, supports closed-loop recycling processes. Concerns about the
carbon footprint of materials like aluminum are irrelevant to the analyzed module due to the
predominance of steel-based rivets. However, cost implications could limit adoption, as stated in Table 3.
The assumption that all disassemblable components would be fully dismantled is likely impractical,
making the results primarily theoretical regarding recyclability.
The evaluation of door paneling concepts identified two designs with improved material efficiency and
acceptable stability. One concept reduced environmental impacts but had compromised stability due to
its critical second natural frequency. At the same time, another concept met all stability criteria but
required more raw material, resulting in higher environmental impacts. Further analysis is needed to
evaluate the cost implications of these designs.
Returning transportation locks was shown to be more sustainable than manufacturing new ones, even in
worst-case scenarios, as shown in Figure 3. The significant impact of raw materials on the environmental
footprint highlights the importance of prioritizing reuse. However, broader sustainability considerations
could have been assessed, including social aspects of international logistics such as labor conditions.

5.2. Practical implications
The following recommendations were extracted from the findings of this study and are aimed at
improving the sustainability of industrial printer designs. Recommendations (1) - (3) were mainly
derived from results of topics (1) and (2), while recommendations (4) - (7) were derived from topic (3).

1. To minimize offcuts and material waste, large sheet metal parts should be designed with
dimensions that align with standard material panel sizes (e.g., divisions by 2, 3, or 4).

Garching
(GER)

Edgewater &
LA (USA)

Berlin
(GER)

Barcelona
(ESP)

New Delhi
(IND)

Hongkong
(CH)

Brisbane
(AUS)

Kairo (EGP) Dubai (UAE)

Brisbane,
via plane

New Delhi,
via ship

Brisbane,
via ship

Manu-
facturing

44%

55%

7%

12%

6%

9%

100%
(ref.)

86%

Climate
change

52%

66%

39%

57%

51%

64%

100%
(ref.)

86%

Particulate
matter (PM)
formation

Figure 3. Detailed results for Topic (3) reusing packaging components. Various reuse scenarios
(left) in comparison to manufacturing (right); numbers represent the LCA midpoint impact
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2. Rivets should be selected with shafts and mandrels made from the same material, ensuring
compatibility with joint materials to facilitate recycling.

3. Stitch welding should be replaced with riveting for sheet steel joints whenever possible to reduce
the carbon footprint.

4. Designers should familiarize themselves with the supplier’s processes and efficiencies when
designing externally manufactured parts to identify sustainability improvements.

5. Painted steel components should be returned and reused whenever feasible, as this is more
sustainable than manufacturing new ones, provided quality and performance are maintained.

6. Returning parts for reuse should prioritize trucking within Europe and shipping (cargo) for
international logistics to minimize environmental impact.

7. If galvanized steel requires additional protective painting, stainless steel should be evaluated as a
potential replacement to reduce lifecycle environmental impacts.

While these recommendations are specific to the industrial printer sector and partly the manufacturer
involved, similar recommendations can be easily obtained by applying the presented approach to other
products or processes. Organizations can systematically address sustainability vulnerabilities and
develop actionable improvements by adapting the framework to different fields.
Its accessibility to non-expert users ensures that a wide range of industries can integrate sustainability
considerations into their product development processes, advancing circular economy principles and
reducing environmental impact at a systemic level.

5.3. Limitations and future research
This study is limited in scope, as the approach was tested exclusively on digital printers. While the results
demonstrate their potential for identifying sustainability vulnerabilities and proposing improvement
measures, their applicability to other industries has yet to be examined. Future research should expand
the framework’s scope to different use cases to provide empirical evidence of its impact (Hohnbaum
et al., 2024) and ideally include a benchmarking comparison with an established approach to further
validate its effectiveness.
Furthermore, the Life Cycle Assessment (LCA) validation was conducted on specific components rather
than the entire printer system, potentially overlooking broader environmental impacts and
interdependencies. Incorporating a standardized circularity indicator into the process could further
enhance its ability to assess resource efficiency.
Next, the reliance on survey-based data presents a vulnerability to biases. Differences in participants’
sustainability knowledge and interpretations could introduce individual biases, as experts might
overestimate their professional background and experience (Stylidis et al., 2020).
Additionally, the framework lacks a standardized circularity indicator, limiting resource efficiency
assessment. LCA uncertainties in modeling and software algorithms also affect result accuracy, requiring
cautious interpretation (De Oliveira et al., 2021).
Ultimately, while the proposed measures reduce environmental impact, quantifying the overall
improvement remains challenging, as this study lacked comprehensive data to assess the full impact of
the examined printing system. Although the results indicate a positive effect, these measures alone are
unlikely to make industrial printers fully sustainable.

6. Conclusion
Sustainability is multifaceted and challenging, particularly when measuring impacts requires specialized
expertise. Established tools like LCA or circularity indicators often must be made available to non-
experts, presenting a barrier to broader adoption. This may hinder engineers from finding potential for
sustainability improvements. To address this, the presented framework based on the double diamond
model offers a practical, accessible solution for identifying sustainability improvement potentials.
A case study applied the presented framework to an industrial digital printer, leading to the development
of three sustainability measures: (1) Enhancing the recyclability of frame components, (2) reducing sheet
metal offcuts, and (3) reusing packaging materials. Validation through LCA and the RPR metric
confirmed that all these measures would improve the printer’s sustainability, demonstrating the
framework’s effectiveness in identifying impactful improvements.
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Based on the case study, seven general recommendations for designing more sustainable printers were
derived. The presented approach offers engineers and designers a simple and collaborative approach to
detect sustainability improvement potentials.
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