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Abstract

Natural Fiber Reinforced Polymer Composites (NFRPCs) are gaining attention as sus-
tainable alternatives to conventional composite materials, due to their renewable origin,
potential biodegradability, and possibly lower environmental impact. However, while
technical advances in NFRPCs have progressed, the application of Circular Design (CD)
strategies to their development remains underexplored. This paper presents a preliminary
conceptual framework developed at the University of Las Palmas de Gran Canaria, aligning
CD principles with the specific challenges and opportunities of NFRPCs. Building upon
an extensive literature review, the study identifies and critically evaluates key design prin-
ciples, tools, and strategies, assessing their relevance for guiding decision-making in this
material context. The proposed framework offers guidance for integrating CD strategies
from the earliest stages of product development, encompassing material selection, lifecycle
mapping, and end-of-life planning. To assess its usability and practical value, the frame-
work was tested through two academic case studies. The feedback gathered highlights both
the framework’s potential as a learning and design support tool and the need for improved
accessibility and clarity in Circular Design resources. Overall, this work contributes to
bridging the gap between sustainable materials research and practical design application,
offering a material-specific, adaptable, and bilingual resource for students, early-career
engineers, and designers seeking to adopt circular practices. By combining systemic think-
ing with material-specific considerations, the framework fosters the development of more
inclusive, regenerative, and ethically responsible design solutions.

Keywords: circular design; natural fiber-reinforced polymer composites; material selection;
product design

1. Introduction

Climate change, biodiversity loss, and the growing pressure on natural resources
are key drivers of the ongoing global transformation in production and consumption
systems [1,2]. The extensive exploitation of our planet’s resources and the globalized use
of materials with a significant environmental footprint, is a challenge that the scientific
community has faced in recent decades. The global reliance on plastic materials poses
an increasing sustainability challenge. The extensive use of plastic and the challenges
associated with its waste management have driven researchers to explore viable and
environmentally friendly alternatives [3,4]. In this context, the use of more sustainable
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materials plays a central role in mitigating the negative environmental impacts associated
with product manufacturing and usage. Specifically, the polymer composites industry,
traditionally dominated by non-renewable synthetic materials, has faced growing criticism
due to its significant ecological footprint and limited recyclability [5,6]. In response, Natural
Fiber Reinforced Polymer Composites (NFRPCs) have emerged as a promising alternative.

NFRPCs are composite materials in which natural fibers derived from natural sources
are used to reinforce a polymer matrix. Their primary appeal lies in their use of renewable
resources, lower density compared to conventional synthetic materials and, in certain cases,
potential biodegradability [7]. These materials have already found applications in sectors
such as automotive, construction, furniture and packaging [2,8]. However, their adoption
still faces several technical, economic and design-related challenges. These include fiber
variability, sensitivity to moisture, compatibility with polymer matrices and a notable
lack of design strategies that account for their behavior over extended or circular life
cycles [9,10].

This research builds upon previous work conducted by the Integrated and Advanced
Manufacturing Research Group at the University of Las Palmas de Gran Canaria, sup-
ported by the European Regional Development Fund (ERDF) under the INTERREG MAC
2014-2020 program. The previous work consists of two projects: ecoFIBRAS (Grant number
MAC/4.6d/040) and Inv2Mac (Grant number MAC2/4.6d/229). The main objective of
ecoFIBRAS was to explore the feasibility of converting biomass waste generated during
eradication and control campaigns of four invasive plant species in the Canary Islands into
valuable resources. Building on this foundation, Inv2Mac expanded the scope to investi-
gate the utilization of residual biomass derived from the management of invasive plant
species across the wider Macaronesian region [11]. In addition, these projects have also
fostered the creation of technology-based companies, including some located within the
Gran Canaria Technology Park’s Experimental Area for Circular Economy [12]. The present
proposal aims to continue and further explore this research line, strengthening knowledge
transfer and promoting innovative approaches to valorize these bio-based resources within
a Circular Economy context.

Building on these efforts to valorize bio-based resources, the concept of Circular Design
(CD) emerges as a complementary and increasingly relevant paradigm. Deeply aligned
with Circular Economy principles, this design approach focuses on extending product
lifespans, facilitating reuse and recycling and minimizing waste from the earliest stages of
product development [13]. Circularity refers to an economic system aimed at eliminating
waste and keeping products, components and materials in use at their highest value for
as long as possible [14]. Unlike the traditional linear model (“take-make—dispose”), CD
seeks to retain material value within the economic system for extended periods of time [15].
Tools such as design for disassembly, design for recyclability and life cycle assessment have
become central principles in sustainable product development [16-18]. Nevertheless, the
integration of CD principles into the development of NFRPCs remains underexplored. This
gap presents a critical opportunity to enhance both the environmental performance and
long-term commercial viability of these materials.

Although the technical literature on NFRPCs has made substantial progress in areas
such as processing techniques, mechanical properties and industrial applications, there
is a clear lack of approaches that address the design of NFRPC-based products from
a circular and sustainable perspective [19,20]. Most existing studies focus on material
characterization or performance enhancement, often overlooking aspects related to product
design, strategic development and end-of-life management. Furthermore, many current
CD tools were developed with traditional wood, metallic or plastic products in mind and
do not adequately account for the unique behavior of bio-based composite materials [5],
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understanding bio-based materials as those derived wholly or partially from renewable
biological resources rather than fossil-based sources [17,21].

This study introduces a preliminary conceptual framework that helps to systemat-
ically integrate CD strategies and tools during the early design stages with the specific
opportunities and limitations of NFRPCs. Through a comprehensive review of academic
and technical literature, it identifies the key CD principles applicable to these materials and
translates them into a set of practical guidelines to support decision-making in early stages
of product design and development.

2. Theorical Background
2.1. Definition and Characteristics of Natural Fiber Polymer Composites

NFRPCs consist of hybrid materials composed of a polymeric matrix reinforced with
fibers derived from natural sources (see Figure 1) such as plants, animals, or minerals [19,22].
These fibers are valued for their potential renewable nature and environmental benefits,
compared to synthetic counterparts like glass or carbon fibers [10]. The fibers act as
reinforcement, providing mechanical strength, while the polymer matrix binds and protects
the fibers, maintaining the structural integrity of the composite. The polymer matrix, either
thermoplastic (e.g., polypropylene, polyethylene, polylactic acid) or thermoset (e.g., epoxy,
polyester), functions as the binding medium [23]. Plant fibers are the most common [24].

Natural Fiber Reinforced Polymer Composites

Natural Fibers Matrix
Plant Animal Mineral Thermoplastic Thermoset Bio-based
€9 [ wood Silk PP Polyester
Fruit Avian PE Epoxy
Seed Wool PLA
Leaf
Stalk

Figure 1. NFRPCs natural fibers and matrix types [1,25].

The manufacturing processes of NFRPCs vary depending on the fiber and matrix
type, as well as the intended application. Common techniques include hand lay-up [26],
compression molding [27], resin transfer molding [2], injection molding [28], rotational
molding [29], and extrusion [30]. These processes require controlled parameters such
as temperature, pressure, and curing time to ensure proper fiber dispersion and matrix
impregnation. Fiber treatments, such as mechanical, chemical, or enzymatic, may also be
applied to improve interfacial bonding. Particular attention must be paid throughout the
entire manufacturing process to avoid the degradation of natural fibers, as this can compro-
mise the mechanical properties and overall performance of the composite. Manufacturing
efficiency, scalability, and energy consumption are critical factors influencing the circularity
and environmental performance of the final composite [28].

As global attention shifts toward bio-based innovation, NFRPCs are being explored
not only for their performance potential but also for their role in reducing dependence on
fossil-based and non-recyclable composites. NFRPCs could potentially offer environmental
and technical advantages over conventional fiber-reinforced composites [2,30]. The abun-
dance of natural fibers, as well as their often renewable and biodegradable nature, could
significantly reduce the ecological footprint of final products [19,22]. Moreover, their low
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density allows for lightweight design, crucial in transportation sectors for improving fuel
efficiency [20]. Additionally, the energy required to produce and process natural fibers
could potentially be lower than that needed for synthetic fibers [19].

Despite their advantages, NFRPCs exhibit several limitations. Natural fibers are in-
herently hydrophilic, which results in poor interfacial bonding with hydrophobic polymer
matrices, leading to reduced mechanical performance [31]. Additionally, their properties
are highly variable, influenced not only by factors such as fiber species, cultivation con-
ditions, and processing methods [2], but also by the inherent variability of natural-origin
materials themselves. Their limited thermal stability and susceptibility to moisture further
constrain their application in high-demand environments. Moreover, the often-irreversible
blending of natural fibers with synthetic polymers complicates recycling processes and
poses significant challenges to Circular Economy implementation [20].

These materials are being applied across diverse sectors including automotive pan-
els, interior components, building materials, and packaging, where lightweight and eco-
conscious materials are demanded [2]. While the use of natural fibers is often assumed
to enhance sustainability, a critical evaluation of the full material system, including poly-
mer origin, processing impacts, and end-of-life scenarios, is necessary. Their potential
alignment with CD principles such as resource conservation and life cycle extension re-
mains conditional and should not be presumed based solely on the bio-based nature of the
reinforcement phase.

2.2. Circular Design Principles

Circular Design represents an evolution from Eco-design within the broader frame-
work of the Circular Economy. While Eco-design primarily focuses on minimizing envi-
ronmental impacts throughout a product’s life cycle, CD reimagines how products are
conceived, produced and used, with the aim of preserving their value within the system for
as long as possible [32]. As such, CD becomes a tangible pathway to implement Circular
Economy principles through practical, scalable and innovative design strategies [33,34].

Rather than viewing waste as an inevitable end point, CD reframes it as a potential
resource, challenging the prevailing culture of disposability that has historically shaped
industrial production and consumption. It embeds Circular Economy principles not only to
reduce negative impacts but to generate regenerative, long-term value [13]. This perspective
is deeply informed by the Cradle-to-Cradle philosophy developed by McDonough and
Braungart [35], which emphasizes the deliberate selection of materials from the earliest
design stages to prevent downcycling and ensure compatibility with closed biological and
technical loops.

Fundamentally, CD challenges the role of traditional design in perpetuating linear
consumption and the continuous production of goods. Instead, it promotes an ethical,
systems-thinking approach, one that considers social, environmental and economic impacts
across the full lifecycle of products. In doing so, it aligns not only with ecological regen-
eration but also with social economy models, which emphasize community engagement,
equity and inclusive value creation within local contexts [36,37].

From a previous review [38], four core principles have been identified as foundational
to CD:

e  Resource Conservation: focuses on designing for closed-loop material flows, reducing
raw material extraction, and minimizing waste. It encourages the regeneration of
natural systems and supports strategies such as recycling, upcycling, and cascading
material use through multiple life cycles [16,39].
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e Lifecycle Extension: prioritizes durability, modularity, and emotional attachment to
prolong product use and discourage planned obsolescence. Practices such as reuse
and repair reduce environmental impact over time [13,40,41].

e Assembly and Disassembly: advocates for modular designs and reversible connec-
tions to enable easy repair, component replacement, and efficient material recovery at
end-of-life, facilitating practical circularity [13,16,32,39].

e Repair and Maintenance: promotes design for repairability and maintenance as
standard features, allowing users to extend product lifespan while minimizing the
need for new resources [13,16,32].

Together, these principles support a design paradigm that is environmentally respon-
sible, socially inclusive, and technically feasible. By bridging material innovation with
systems thinking, CD acts as a key enabler of sustainable transformation across multiple
sectors, particularly when applied to materials like NFRPCs, which present distinctive
challenges and opportunities for circular innovation.

2.3. Gaps in Aligning NFRPCs with Circular Design Strategies

This study builds upon two research phases. Phase 1 involved a systematic literature
review on CD from previous work, aimed at identifying key principles, strategies and
tools, which served as the conceptual basis [38]. Phase 2, developed within the scope of
this work, involved a comparative literature review to characterize the current state of
NFRPCs, addressing aspects such as material composition, processing methods, mechanical
performance, sustainability considerations, and technical challenges.

The selected sources were reviewed not only for technical data, but also for their
treatment of sustainability and life cycle considerations in the design and development
of NFRPCs. The analysis revealed that, although sustainability is frequently highlighted
as a key advantage, there is a notable lack of standardized metrics and comprehensive
assessments addressing critical aspects such as raw material sourcing, processing efficiency,
end-of-life recyclability, and biodegradability [7].

Several critical gaps were identified in the current literature regarding the sustainable
development of natural fiber-reinforced polymer composites (NFRPCs). Firstly, there is an
absence of clear and structured design strategies explicitly oriented towards sustainability
goals. While references to sustainability are common, they often remain vague and unsup-
ported by measurable indicators or lifecycle-based assessments. Furthermore, practical
guidelines for implementing Circular Economy and Circular Design principles within the
context of bio-based composites are notably lacking. Existing CD tools exhibit limited
adaptability to the specific behaviors of NFRPCs, particularly concerning their degradation
profiles, structural variability, and end-of-life scenarios. These gaps highlight the urgent
need for a tailored methodological framework that effectively integrates CD strategies with
the unique material, functional, and environmental characteristics of NFRPCs.

3. Method

This study adopts a qualitative, exploratory design grounded in secondary data
analysis, with the primary objective of constructing a conceptual framework that supports
the integration of CD principles into the development and utilization of NFRPCs. Given the
interdisciplinary scope of the topic, including material science, sustainable manufacturing
and Circular Design theory, a conceptual synthesis approach based on secondary data
was deemed the most suitable. The methodology consists of four stages (see Figure 2):
(1) two distinct but complementary phases of literature review, (2) aimed at identifying
and clarifying conceptual gaps within existing research, (3) followed by the formulation
of a preliminary framework and (4) two design-oriented case studies. These gaps refer
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specifically to unexplored or insufficiently addressed intersections between CD principles
and NFRPC applications. This multi-stage approach enhances understanding of both
theoretical foundations and practical implementation strategies for CD in the context of
NFRPCs. The inclusion of the research method serves to justify the systematic basis for the
framework’s development.

Previous work /Present study e A
aWor
ypmen
Literature Review
Circular Design Guide
. G - Ellen MacArthur GG
SL);:;;:S:: Gompstative Id t'fa-'lp ti Two final
i entimcation ; ;
Review Review Literature reviews degree projects
cirsiil insigths
srediar NFRPCs - multiple authors
Design

Bachelor and PhD
students colaboration

- J

Figure 2. Research method overview.

3.1. Research Questions
The study was guided by the following research questions:

e  RQ1: What are the current challenges and opportunities associated with NFRPCs?

e  RQ2: What Circular Design strategies, tools, or principles have been applied to materi-
als or products with similar characteristics?

e  RQ3: How can Circular Design principles be effectively adapted to the specificities of
NFRPCs to support sustainable product development?

These questions aim to bridge the technical dimension of NFRPC with systemic
design approaches.

3.2. Development Process of the Framework

The aim of the development of this framework is to map current knowledge, identify
gaps, and extract design-relevant principles applicable to the development of NFRPC
products within a Circular Economy paradigm. Therefore, the Circular Design Guide
by the Ellen MacArthur Foundation [14] was adopted as the foundational reference for
developing the proposed framework. All design activities and tools suggested in this guide
were analyzed for their relevance and applicability to NFRPCs. This involved a critical
examination of their alignment with the material-specific challenges and opportunities
observed in the previous phase.

From this analysis, a selection of core tools was made and subsequently adapted to
address the design, manufacturing, and lifecycle characteristics of NFRPCs. These adap-
tations involved adjusting language, scope, and focus to better suit bio-based composite
materials, while preserving the intent and structure of the original tools.

To test the applicability and usability of the adapted tools, two case studies were
conducted through two industrial design engineering bachelor theses. In both cases, the
students applied modified tools to product development challenges involving NFRPCs.
These students received guidance on how to use the tools within their design processes and
were encouraged to provide feedback on their clarity, usefulness, and relevance. Based on
their feedback and results, adjustments were made to the framework to enhance its clarity
and contextual relevance.
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4. Results and Discussion

The results of this study encompass the preliminary development of the proposed
framework as well as its application in two case studies. Building on the Circular Design
Guide developed by the Ellen MacArthur Foundation, the framework adapts and extends
existing design tools to address the specific challenges and opportunities of NFRPCs. While
the original guide is structured around four stages (Understand, Define, Make and Release),
the present framework introduces two additional stages and redefines the scope of one of
the existing phases to better align with material-specific considerations.

This section outlines the critical aspects identified for NFRPCs and the CD principles
associated with them. It presents the outcomes of the tool selection and adaptation pro-
cess within the preliminary framework and it discusses feedback from the case studies,
highlighting the key insights derived from their implementation.

4.1. Mapped Circular Design Principles to NFRPC

In order to enhance the circularity of products manufactured with NFRPCs, this study
maps core CD principles to the specific opportunities and constraints of these materials.
The mapping exercise aims to provide a structured link between design intentions and
material selection strategies, supporting engineers, designers and manufacturers in the
transition from linear to circular product development [18]. The four selected CD principles
(see Figure 3), Resource Conservation, Lifecycle Extension, Assembly and Disassembly;,
and Repair and Maintenance [38], were examined in relation to their corresponding design
objectives, applications to NFRPCs, key considerations, strategies and tools, as well as
associated sustainability metrics.

e  Resource Conservation: this principle focuses on minimizing the extraction and use of

finite resources while promoting renewable and low-impact materials [16,39]. NFRPCs
could offer an advantage in this area, as they often utilize agricultural by-products
or renewable fibers such as jute, sisal or abaca [42,43]. Moreover, pairing these fibers
with bio-based or recyclable polymer matrices can further reduce the environmental
footprint of composite production. However, variability in fiber quality, geographical
limitations of sourcing and the carbon intensity of some biopolymers require careful
evaluation. In addition, the instability of agricultural by-product supply and the
potential risk of contamination remain critical barriers to wider adoption. Resource
efficiency can also be pursued by optimizing the material-to-performance ratio, for
example, by reducing part thickness or weight without compromising function.
To address these challenges, strategies such as green material selection matrices,
eco-materials compasses and the Material Circularity Indicator (MCI) can support
early-stage design and decision-making [44]. Likewise, digital tools such as CAD
can aid in optimizing material efficiency. For performance assessment, a range of
sustainability metrics can be applied, including renewable content (%), waste-derived
input (%), reduction in material use, embodied energy (MJ/kg), land use, water use
and other Life Cycle Assessment (LCA) indicators [45-47].

e Lifecycle Extension: prolonging the useful life of NFRPC products through enhanced
durability or secondary use potential is a critical component of circularity [13,40,41].
While NFRPCs can offer competitive strength-to-weight ratios, their long-term per-
formance is often challenged by environmental factors such as moisture or UV
exposure [9,31,48,49]. Addressing these vulnerabilities requires strategies that increase
both technical durability, through protective coatings, modular part replacement,
or design for multi-use cycles [50] and emotional durability, by strengthening user
perception and attachment to products [15]. Moreover, enabling circular business
models such as take-back schemes, product-as-a-service and material traceability can
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support secondary use scenarios and extend product lifespans beyond their initial
function [51,52].

To operate these approaches, design tools such as Product Journey Mapping, LCA
scenario analysis, the Circular Business Model and material or product passports
provide actionable support for decision-making [14,32,53]. Corresponding sustainabil-
ity metrics include estimated product lifespan, percentage of reused or refurbished
components, durability testing results, business model return on investment, user
retention and service life cycles.

e Assembly and Disassembly: ease of disassembly is essential for facilitating reuse,
remanufacturing or high-quality material recovery [13]. In the case of NFRPCs, this
principle presents both challenges and innovation potential. Minimal assembly, non-
destructive disassembly and modularity are particularly valuable, as they ensure
the proper, agile and efficient separation of parts [16,32,39]. This not only facilitates
product recycling and reuse but also enables component replacement and functional
upgrades. While adhesive and mechanical joining methods are generally compatible
with NFRPC parts [54], the irreversible bonding often used in conventional composites
(e.g., epoxy resins) can hinder separation [55].

To overcome these limitations, strategies such as Design for Disassembly (DfD) guide-
lines, modular configurations and circular joining techniques can be employed. Tools
such as Disassembly Maps [56] and Design of Circular Disassembly [16] can support
the implementation of this principle. Suitable indicators include disassembly time,
recovery rates and compatibility of joining techniques with material properties [16,56].

e  Repair and Maintenance: the implementation of repairability features, standardiza-

tion and design for maintenance and upgradability plays a pivotal role in enabling
longer product lifecycles and fostering opportunities for reuse [50,57]. Within the
context of NFRPCs, however, repairability remains a challenge, as these composites
are often perceived as difficult to modify or unsuitable for remanufacturing [58-60].
Overcoming these limitations requires development strategies that emphasize modu-
lar configurations, part standardization, and the replaceability of worn components,
together with the possibility of refinishing surfaces to extend functionality [50].
The integration of maintenance manuals, design-for-repair checklists and context-
specific toolkits tailored to the material characteristics of NFRPCs can facilitate ac-
cessibility and user engagement [56]. These measures not only enhance repairability
but also support functional upgrades and encourage more sustainable usage patterns.
Indicators such as repair rate, repair time, cost-to-repair ratios, maintenance frequency
and part availability provide actionable insights into the feasibility and effectiveness
of repair-oriented design strategies [50].

The mapping exercise reveals that while NFRPCs align well with many CD goals in
theory, their practical implementation is often limited by technical or knowledge-based
constraints. The adaptation of CD tools, originally developed for metals, plastics or other
traditional materials, to the context of NFRPCs requires critical adjustments, particularly
regarding material behavior, joining methods and end-of-life options. By establishing
clear connections between design intentions, material behavior and measurable sustain-
ability outcomes, this mapping contributes to bridging the gap between abstract design
frameworks and the material-specific realities of bio-based composites.
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RESOURCE CONSERVATION LIFECYCLE EXTENSION

design objectives design objectives
Minimize extraction and use of Prolonging useful life of
natural resources products
Promote renewable and Enhance durability and
low-impact materials secondary use
applications to NFRPCs applications to NFRPCs
Bio-based and recyclable Long-term performance challenge
matrices (such as moisture or UV exposure)
strategies and tools strategies and tools

ASSEMBLY & DISASSEMBLY REPAIR & MAINTENANCE

design objectives design objectives
Minimal assembly, non-destructive Repairability features
disassembly and modularity and standardization
High-quality material recovery Design for maintenance

applications to NFRPCs and ngradablllty

Adhesive and mechanical applications to NFRPCs
joining methods
( Machining of NFRPCs challenge >

C Irreversible bonding (matrix/fiber) )

strategies and tools
strategies and tools
Disassembly maps Maintenance manuals

Figure 3. Circular Design principles for NFRPCs and strategic tools.

4.2. Proposed Preliminary Conceptual Framework

This study proposes a preliminary conceptual framework designed to facilitate the
systematic integration of CD principles into the development of products using NFRPCs.
Drawing inspiration from the widely recognized Circular Design Guide developed by
the Ellen MacArthur Foundation and IDEO [14], the framework adapts and extends its
structure to address the specific opportunities and constraints presented by bio-based
composite materials. The result is a process-oriented tool that supports iterative and
reflective design practices grounded in sustainability.

Structure of the Framework

The framework follows a six-step process, each expressed in the gerund form to
emphasize its dynamic and iterative nature. These phases structure the design journey
from understanding circularity to managing post-use material flows. Each phase incorpo-
rates and adapts specific tools from the Circular Design Guide, complemented by custom
activities developed to address the specific characteristics of working with NFRPCs.

1.  Understanding Circularity: This initial phase introduces key concepts of circularity
while grounding them in local ecosystems and the availability of material resources.
It encourages a systems-thinking approach and awareness of environmental impact
across the product lifecycle. Four adapted tools guide this stage: Understand Cir-
cular Flows helps map material lifecycles to identify opportunities for regeneration
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and closed loops, particularly for natural fibers and polymer matrices; Service Flip
invites designers to rethink products as services, supporting business models based
on sharing, reuse, or leasing; Insides Out focuses on analyzing components and ma-
terial choices; finally, Learn from Nature applies biomimicry to inspire efficient and
regenerative design strategies. Together, these tools establish a critical foundation for
making informed, sustainable decisions in subsequent design phases.

Defining the Problem through Circularity: This phase focuses on framing a clear
and strategic design brief explicitly grounded in circular principles. Rather than
treating the brief as a purely functional or aesthetic exercise, it encourages designers
to integrate environmental, systemic and material-specific considerations from the
outset. Within the context of NFRPCs, this requires particular attention to issues such
as variability in fiber quality, durability under environmental exposure and the chal-
lenges of repairability or end-of-life recovery. Addressing these aspects early ensures
that the design intent is aligned not only with user needs but also with the long-term
sustainability of the material. Two tools support this stage: Define Your Challenge
helps identify the core problem and CD priorities, while Circular Opportunities guides
exploration of impactful interventions, such as reducing waste or enhancing material
reuse. Together, they orient the project toward meaningful outcomes by aligning the
design intent with circular strategies from the earliest stages.

Applying Circularity: This phase enables the practical implementation of CD through
hands-on engagement with materials, ideation and testing. Within the context of NFR-
PCs, it requires balancing sustainability ambitions with the material’s challenges, such
as variability in quality, susceptibility to environmental and machining degradation
or limited repairability, while leveraging their advantages as renewable sources or
lightweight composites. Several tools could guide this process. Circular Brainstorming
facilitates idea generation guided by circular principles, such as reuse, modularity,
or minimal material use, ensuring that creative exploration aligns with sustainability
goals. Smart Material Choices helps designers evaluate NFRPCs based on sourcing,
durability, recyclability, and environmental impact, promoting informed decisions
that go beyond aesthetics or performance. Material Journey Mapping visualizes the
entire lifecycle of a material within the product system, helping anticipate bottle-
necks, waste points and opportunities for recovery. Rapid Prototyping supports early
testing of concepts using NFRPCs, encouraging iterative development and material
sensitivity. Collectively, these tools help bridge theory and practice, empowering
designers to create circular solutions that are feasible, resource-conscious and aligned
with user needs. These tools bridge theory and practice by encouraging experimen-
tation while maintaining a systemic perspective. They empower practitioners to
create solutions that are feasible, resource-efficient and grounded in the realities of
working with NFRPCs, ultimately contributing to longer product lifecycles and more
sustainable innovation.

Exploring User Perception: This phase emphasizes the importance of user acceptance
and emotional connection in the success of circular products made with NFRPCs.
Beyond technical performance, the sensory qualities of these composites, their texture,
natural aesthetics and tactile warmth, shape how users perceive and value them. User-
centered tools, such as perception testing and feedback collection, are employed to
evaluate responses not only to sustainability claims but also to the experiential aspects
of interacting with the material [61-64]. Factors such as trust, usability and perceived
authenticity influence both immediate acceptance and the long-term attachment to
the product. By acknowledging and designing for these subjective and emotional
dimensions, engineers and designers can address skepticism, strengthen emotional
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durability and cultivate a deeper sense of care and responsibility toward products, an
essential driver of circularity in consumer culture [50].

5. Following the Product Lifecycle: This phase focuses on tracking the product’s life-
cycle beyond its initial release to ensure that circular strategies remain effective in
real-world contexts. By integrating lifecycle extension principles with the specific
characteristics of NFRPCs, it underscores the need to anticipate material degradation
challenges, such as sensitivity to moisture or UV exposure, while actively enabling
strategies for reuse, repair, and repurposing. Product Journey Mapping helps visualize
each stage of the product’s life, from production to use, maintenance, and end-of-life,
enabling the identification of circular interventions across the timeline such as modular
upgrades, secondary use or recovery of fibers and matrices. Launch to Learn encour-
ages early market introduction of prototypes to gather real user insights, revealing
unforeseen challenges and validating assumptions about NFRPCs’ performance and
perception. Continuous Learning Loops formalize feedback cycles, allowing iterative
improvements based on actual user behavior and system-level outcomes. Together,
these tools could support adaptive, evidence-based design processes, promoting the
long-term viability and circular performance of NFRPC-based products.

6. Managing Residues and Resources: This final phase addresses the end-of-life stage
of products, focusing on recovering value and minimizing environmental impacts
through strategies tailored to NFRPCs. While conventional composites often face
significant barriers to recyclability [5,6], NFRPCs introduce both opportunities and
challenges: their renewable fibers may enable biodegradation or energy recovery,
yet their polymer matrices, whether thermoset or thermoplastic, bio-based or fossil-
derived, determine the feasibility of material recovery [65]. Consequently, assessing
compatibility with existing recycling systems and identifying alternative circular path-
ways such as reuse, modular remanufacturing, mechanical recycling, or controlled
composting becomes essential. Equally critical is ensuring material traceability and
transparency, providing clear information on fiber origin, polymer type and additives,
which facilitates efficient sorting and specialized recycling streams. This becomes
critical given fiber variability and the lack of harmonized compostability standards.
Tools like end-of-life flow mapping or material passports support structured resource
recovery from the design stage onward [66,67]. Key indicators, recovery efficiency,
recyclability percentages, biodegradability potential and traceability scores, offer ac-
tionable insights to ensure that NFRPCs products transition from waste to resource,
reinforcing systemic circularity.

This structure is illustrated in Figure 4, which represents the six stages of the proposed
preliminary conceptual framework for CD, with a specific focus on NFRPCs. The figure
adopts a circular “wheel” layout to emphasize the iterative nature of the process, with each
stage assigned a distinct color and the corresponding tools displayed within its section.
This format is both structured and flexible, supporting use by novice and experienced
practitioners alike and is particularly suited to the early phases of product design and
development, while remaining compatible with complementary methodologies such as
Life Cycle Assessment (LCA). The proposed tools are provided in a worksheet format,
facilitating systematic documentation of insights, decisions and challenges encountered
throughout the design process. A reduced version of these worksheets is included in the
Supplementary Material Files to provide an overview of some of the tools used.
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Figure 4. Preliminary conceptual Circular Design framework diagram.

4.3. Two Case Studies Feedback

To assess the usability and relevance of the proposed preliminary conceptual frame-
work, two case studies were conducted in an academic setting by two undergraduate
students from the bachelor’s degree in Industrial Design Engineering and Product De-
velopment. As part of their final degree project, the students engaged directly with the
framework, both contributing to its development and applying it in their design processes.
Specifically, they worked with phases 1 (Understanding Circularity), 2 (Defining the Design
Challenge), 3 (Applying Circularity) and 5 (Following the Product Lifecycle).

One of the projects focused on the development of university-branded courtesy gifts,
which was resolved through the design of a modular chess set made from NFRPCs. The
other project involved the creation of an educational game aimed at fostering STEAM (Sci-
ence, Technology, Engineering, Art and Mathematic) vocations in children, with a particular
focus on improving spatial skills through inclusive and gender-sensitive play experiences.
Both projects served as context-specific case studies to explore how the framework supports
circular thinking and material-specific design strategies.

This hands-on engagement enabled the students to evaluate the accessibility and
clarity of the tools and methods provided. Through this process, they gained valuable
insights into the strengths and limitations of the existing Circular Design tools. Key issues
identified included the absence of concise guidance, the language barrier (many tools
were only available in English) and the overwhelming amount of information not always
contextualized for material-specific or local design challenges.

The students’ feedback also emphasized the importance of adaptable, visually clear
and modular resources, particularly when applied to the complexity of working with
bio-based composites such as NFRPCs. By iteratively applying and modifying selected
tools, they were able to tailor the framework to suit their project needs, reinforcing the
potential for flexible applications in diverse educational and professional contexts. Figure 5
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presents representative images documenting the development process and the practical
implementation of the framework as applied in the two student-led design projects.

Framework
development

Materials
experimentation

Conceptual
design

Figure 5. Implementation of the conceptual Circular Design framework in two undergraduate
projects: a sustainable chess gift set and an educational STEAM game.

These case studies highlight the framework’s educational value and point to its poten-
tial as a scalable design aid. It also reinforces the need for clearer integration strategies and
localized adaptations to make CD more actionable in real-world scenarios [41,57].

The proposed preliminary conceptual framework serves as a decision-making tool
that spans the entire design process, from early material selection to end-of-life planning
supporting the integration of circularity in both conceptual and practical stages [68]. It
empowers designers to choose materials aligned with functional and environmental goals,
incorporate circular CD principles during ideation and evaluation, and anticipate the impli-
cations of their decisions in terms of user experience, modularity, disassembly, recyclability,
and environmental impact. Additionally, it provides mechanisms to assess the level of
circularity achieved, helping identify areas for improvement and guiding iteration.

Designed for a wide range of users, including product and industrial designers,
materials engineers, design educators and students, and sustainability researchers, the
framework is intentionally adaptable. Its bilingual (Spanish-English) format broadens
accessibility, while its modular structure allows users to adjust its use to different levels of
expertise and contexts, from academic to professional environments. Whether for research,
education, or applied design, the framework offers a structured yet flexible guide to embed
circular thinking into real-world processes.
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5. Conclusions

This study introduces a preliminary conceptual framework that integrates CD princi-
ples with the specific technical, perceptual and lifecycle consideration of NFRPCs, a material
often underrepresented in conventional CD methodologies. Unlike generic design guides,
this framework is material-specific, addressing a complex yet promising class of composites.
Its novelty lies in offering a structured, early-stage design and development framework
specifically tailored to the unique characteristics of NFRPCs, thereby bridging the gap
between sustainable materials research and practical design application.

The framework’s novelty lies not only in its focus on NFRPCs but also in its dual func-
tion. It supports both strategic decision-making and creative ideation through dedicated
toolkits, while incorporating user perception and aesthetic dimension into the design pro-
cess. It aims to be accessible and adaptable, with bilingual (Spanish and English) resources
specifically intended for junior engineers and designers working to implement circular
strategies in real-world contexts.

Initial implementation of early stages of the framework within an academic setting
revealed key challenges. Existing tools and methodologies are often fragmented, overly
technical, or linguistically inaccessible, making it difficult for junior users to apply circular
strategies without prior expertise. These findings underscore the need for design frame-
works that are both educational and actionable, clear enough to guide application, yet
flexible enough to adapt to varied levels of expertise and project requirements.

The modular structure of the framework enables its adaptation to other materials,
industries or user needs, opening avenues for future refinement that balance simplicity
with comprehensiveness. By combining material-specific insights with systems think-
ing and usability, this framework contributes to the development of more inclusive and
regenerative design cultures. Ultimately, it supports a more ethical and transformative
design practice, one that responds not only to environmental and technical demands
but also empowers emerging practitioners to generate lasting value through circular and
context-sensitive innovation.

Future work will focus on expanding and refining the framework through additional
iterations. The first implementation was conducted in an academic setting, engaging
a limited number of students, but subsequent cycles will involve a broader cohort to
strengthen the robustness and applicability of the approach. Beyond the academic context,
the framework is expected to be transferred to local initiatives, particularly within social
economy projects supported by the Cabildo of Gran Canaria. This transition will provide a
valuable opportunity to test its relevance in real-world scenarios, evaluate its scalability,
and foster collaboration between academia, industry, and public institutions. Ultimately,
these efforts aim to consolidate the framework as a practical and adaptable tool, supporting
the adoption of circular strategies for NFRPC-based products in both educational and
professional environments.
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