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Abstract

Biodesign is increasingly recognised as a promising life-centred design field, yet its imple-
mentation within Industrial Design Engineering Technology remains limited. This study
investigates the research question: “What systemic structures hinder advancement of biodesign?”.
Drawing on extensive interviews with 21 pioneering biodesign experts (n =21) and qualita-
tively analysed through a systems-oriented perspective, the findings reveal that barriers are not
isolated practical issues but rooted in deeper systemic structures across several system depths -
from competencies to agency, design briefs, tools and processes. Four constraining systemic
structures were identified: limits to growth (accessibility), eroding goals (expectations of
biodesign projects), growth and underinvestment (invest in biodesign competencies) and
tragedy of the commons (knowledge restrictions in biodesign). Together, these indicate that
biodesign’s limited advancement stems from systemic misalignment rather than technological
immaturity. The study advocates coordinated systemic interventions at deeper system depths to
enable cumulative, long-term advancement of the biodesign field.

Impact statement

By revealing the systemic structures that hinder the advancement of biodesign, this study
provides a foundation for developing coordinated, practice-enabling infrastructures and tools
that can strengthen the field’s advancement across academia, individual designers, design
agencies and industry. Its systems-oriented insights support more effective integration of
regenerative, life-centred design approaches, contributing to the broader transition towards a
more sustainable and circular economy.

Introduction

As the global need to shift towards sustainability increases, design practices in Industrial Design
Engineering Technology need to evolve beyond traditional, techno- or human-centred
approaches, as acknowledged in multiple design fields, that is, ecodesign, biomimicry, biodesign,
etc. (Ceschin and Gaziulusoy 2016). This article is specifically focused on the field of biodesign
and how it is concurrently enacted as a design field within Industrial Design Engineering
Technology. Biodesign, although rising, is today still little implemented by industrial design
engineers in their projects. Even though many initiatives are out there, and still being developed,
its advancement seems to remain obstructed in some way or another. Hence, this study sets-out
to analyse pioneer biodesign experts’ experience to learn if there are deeper systemic structural
explanations to be found for this obstruction. This is addressed by extensively interviewing 21
pioneer biodesign experts (n=21) to ask why and how they already engage with biological
elements in their design projects. More specifically what challenges and opportunities, as well as
what obstacles/barriers & advantages/enablers they experience. The interview transcriptions are
subsequently qualitatively analysed, applying the QUAGOL protocol, through a coding process.
The codes specific to the challenges and opportunities, and obstacles/barriers & advantages/
enablers are used to identify a system of biodesign and its underlying systemic structures that
might hinder its advancement in Industrial Design Engineering Technology. Creating this initial
understanding of the hindering systemic structures might enable future work to use this
knowledge of these identified systemic structures to pinpoint leverage points through which
biodesign can be meaningfully advanced.

Theoretical foundations

This section will address the growing foundations of the biodesign field, the recognition of
multi-species agency in design, the changing role of designers and a systems thinking approach
employed to deal with the complexity - such as biodesign implementation in Industrial Design
Engineering Technology.
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The biodesign field

In this study, the argument advanced by Thomsen and Tamke
(2022) - that learning from nature alone is insufficient to achieve a
genuine transition towards circular and regenerative systems - is
explicitly adopted (Thomsen and Tamke 2022). Biodesign is
therefore positioned not as an evolution of biomimicry that merely
translates biological inspiration into existing industrial paradigms,
nor as the commodification of natural resources, but as a design
approach that actively collaborates with (once-)living biological
systems. Rather than treating nature as a passive reference or
extractable input, biodesign engages ecosystems as co-creative
partners that sustain both human and non-human life (Kopnina
2017; Shiva 2000). In this sense, it operates “beyond biomimicry,”
as articulated by Myers (2018a), by embedding design practice
within ecological processes rather than abstracting from them
(Myers 2018a).

The ethos of biodesign resonates with what has been described
as “organic design” an approach that involves “watching objects
grow” and “letting nature, the best among all engineers and
architects, run its course” (Antonelli 2018, p. 7; Birch et al. 2024).
Within this study, biodesign is defined following the formulation
proposed by Biofabricate as “Designing of, with, and for biology”
(Antonelli 2018; Birch et al. 2024; Lee et al. 2020, p. 10). This
concise definition captures the breadth of biodesign practice and
foregrounds the varying roles that biology can assume within
design processes.

Biodesign is not confined to a single industry but is increasingly
applied across architecture, construction, cosmetics, fashion, fra-
grance, colouring, automotive design and other industries (Myers
2018b). Across these domains, a defining characteristic is the
integration of (once-)living organisms as active participants in
design processes (Ginsberg and Chieza 2018). Oxman (2016)
observes that contemporary design is increasingly incorporating
biological processes not merely as sources of inspiration, but as
contributors to utility and behavioural transformation (Oxman
2016). Yet, such integration introduces significant challenges for
Industrial Design Engineering Technology. Biological systems are
characterised by heightened variability, unpredictability and
uncertainty, which often conflict with conventional expectations of
control, standardisation and repeatability.

Although biodesign moves beyond conventional biomimicry, it
still draws upon core biomimetic principles as methodological and
evaluative foundations. In aligning with Life’s Principles and
foundational biomimetics concepts, biodesign reframes design as
life-centred rather than exclusively human-centred, applying
biological forms, processes and ecosystem logics to address
complex challenges (Stevens et al 2022). Within material
economies, biodesign contributes to regenerative practices in the
Circular Economy (Cotsaftis et al. 2023). As du Plessis (2012)
argues, regenerative paradigms emphasise co-creative partnerships
with nature grounded in adaptation, resilience and regeneration
(du Plessis 2012). Biodesign thus mediates between material sys-
tems, living processes and socio-ecological contexts, positioning
itself as an enabler of the regenerative transformation.

Rise of agency

The emergence of biodesign is closely linked to broader debates
surrounding the Anthropocene - an epoch defined by the domi-
nant influence of human activity on planetary systems (Crutzen
2002, 2022). As critiques of anthropocentrism have intensified,
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alternative framings such as bio- or symbiocentrism have been
proposed, repositioning humanity as an integral participant within
ecological systems rather than as an external controller (Albrecht
and Van Horn 2016; Pollini and Rognoli 2024). This shift carries
profound implications for design.

Design has traditionally been described as a “human tradition
of inquiry and action” concerned with intentionally creating
preferred situations, the “ultimate particular” (Nelson and
Stolterman 2014, pp. 1, 31). Implicit in this framing is the
assumption that agency resides solely within human actors. The
rise of More-Than-Human (MTH) thinking challenges this
assumption. First articulated by Abram (1996), the MTH per-
spective decentres humanity and recognises ecosystems, plants,
fungi, animals, soils, atmospheres and technological artefacts
as active participants in design processes (Abram 1996).
Conventional paradigms often treated these entities as passive
resources to be extracted, optimised or controlled - a reflection of a
mechanistic worldview that separates humans from ecological
systems (Cole 2012; Pataranutaporn et al. 2020). In contrast, MTH
perspectives emphasise interdependence, recognising that agency
is distributed across interconnected actors.

Agency, understood as the capacity to meaningfully influence
outcomes, thus extends beyond human stakeholders. In biodesign,
this expansion manifests as non-human biological agency: the
active contribution of (once-)living organisms or biological
materials to design processes. More-Than-Human Design has
emerged as a field that intentionally creates space for such non-
human agency to influence outcomes in mutually beneficial ways
(Karana et al. 2023; Kim 2021; Wakkary 2021).

Theoretical grounding for MTH agency in biodesign is further
articulated by Gough and colleagues, who draw from Human-
Computer Interaction (HCI) to propose living computational
systems (Gough et al. 2020, 2021a, 2021b). Rather than relying
solely on digital computation, these approaches recognise bio-
logical organisms as contributors of bioaffordances - organism-
specific capacities for action and interaction (Gough et al. 2021b).
Building on Gibson’s (1977) concept of affordances and its
adaptation by Norman (1988) to Industrial Design (Gibson 1977;
Norman 1988), bioaffordances describe the action possibilities
offered by non-human biological agents. From this perspective,
biodesign emerges as the application of bioaffordances, enabling
symbiotic collaboration between biological and design entities
(Gough et al. 2021b).

The integration of MTH agency inevitably raises ethical con-
siderations. Armstrong (2022) emphasises that when living agents
are engaged in design processes, they must be appropriately
supported, calling on designers to “step inside the skin” of the
entities they work with (Armstrong 2022, p. 5). Her principles
advocate recognising microbes as foundational architects of the
biosphere, shifting designers’ roles from sole authors to facilitators
within multi-species collectives, fostering metabolic enlivening
rather than extractive optimisation and integrating diverse
knowledge systems beyond modern science (Armstrong 2022).
These principles foreground reciprocity, stewardship and dialogue
with biological systems.

Taken together, the rise of expanded agency in biodesign is
characterised by: explicit acknowledgement of agency beyond the
human, commitment to reciprocity and stewardship, alignment of
MTH lifecycles with product and system lifecycles and engagement
with local ecologies through iterative, open-ended practices that
embrace variability, unpredictability and uncertainty. In doing so,
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biodesign spans from translating nature into industrial forms to
co-producing value with (once-)living ecosystems (Pollini and
Rognoli 2024).

Changing role of designers

As agency expands beyond the human, the role of the designer
undergoes a profound transformation too. Designers have shifted
from being mere material applicators — selecting and specifying
predefined materials - to material collaborators/orchestrators who
coordinate complex material systems that include living and once-
living entities (Gough et al. 2020; Vuylsteke et al. 2023). This shift
reflects an increasing engagement with processes of growth,
transformation, decay and regeneration across extended temporal
scales (Camere and Karana 2018; Vilk et al. 2023).

Recognising non-human biological agencies as stakeholders
fundamentally alters the design landscape. Designers must navi-
gate intricate networks of interdependent actors, increasing
systemic complexity and requiring nuanced understanding of
dynamic interactions between human and non-human agents
(Camere and Karana 2018; Dade-Robertson and Zhang 2024;
Karana et al. 2023). Agency no longer resides solely in human
intention nor in autonomous biological processes, but emerges
through their relational entanglement (Gough et al. 2021a; Karana
et al. 2023; Oxman 2016).

This shift challenges the conventional pursuit of control,
predictability and optimisation. Instead, designers are called to
cultivate acceptance of open-endedness and uncertainty,
embracing the variability inherent in ecological systems (Karana
et al. 2023; Kim 2021; Ostuzzi 2017). The designer’s role becomes
less about prescribing fixed outcomes and more about initiating
conditions for interactions to unfold (Dubberly and Pangaro 2015;
Myers 2018a).

To engage meaningfully with MTH agents, designers must
adopt transdisciplinary approaches, integrating knowledge from
biology, biotechnology, biochemistry, ecology, botany and related
life sciences (Bandoni et al. 2022; Camere and Karana 2018; Chen
et al. 2023; Kadridinen et al. 2020; Myers 2018c; Pollini and Rognoli
2024). In this expanded role, designers move from controlling
matter to co-evolving with (once-)living systems.

This transformation - from human-centred problem solver to
systems initiator and orchestrator within multi-species collectives —
forms a critical theoretical foundation for understanding biodesign.
It situates design not as an external force imposed upon nature, but
as a relational practice embedded within living ecologies.

System-oriented perspectives and systemic design

As is illustrated with the broad and ever-emerging academic and
industrial discourse in biodesign, its complexity is rising with the
increased understanding. In order to address this complexity of the
field and its practice in Industrial Design Engineering Technology,
approaches are employed that are specifically well suited to handle
this wicked context (Vandenbroeck 2012).

Therefore, this study aligns with and extends prior research that
recommends systems thinking and systemic design to handle
complexity (Vandenbroeck 2012). Dubberly and Pangaro (2023),
for instance, recently present multiple recommendations for
scholars working with systems, supported by practical examples
(Dubberly and Pangaro 2023). Similarly, Dumon and Ostuzzi
(2021) reports the use of systemic design in design education
through practice-based assignments, providing empirical evidence
of systemic design being integrated into academic curricula and

offering a robust platform that resonates with such recom-
mendations (Dumon and Ostuzzi 2021). Wiek et al. (2011) further
argues that systems thinking and systemic interventions are among
the key competencies in sustainability (Wiek et al 2011).
McMahon and Hadfield (2007) likewise advocate systems thinking
as a pathway towards sustainable design solutions by proposing a
taxonomy for systemic design and testing their assumptions with
professional designers, challenging them to think in systems when
addressing a given problem (McMahon and Hadfield 2007).

Across these contributions, a core lesson emerges that moti-
vates this study: through systemic design — spanning across design
fields - designers can push projects beyond symptomatic solutions
that remain confined to isolated products and instead intervene in
the interconnected conditions that shape practice and its
outcomes.

Furthermore, does the Law of Requisite Variety in Cybernetics
tell us that “only variety can destroy variety” (Ashby 1956, p. 207).
Following this law, two strategies arise to address the increased
experienced variability, unpredictability and uncertainty when
biodesigning: (1) reducing the variety of the system to be controlled
by simplifying it, something that we have done by refraining from
biodesign principles over the last decades, (2) increasing the variety
of the designer (controller) rather than reducing the variety of the
system, thereby increasing the adaptive capacity of the designer
through a meaningful support system. Of course, before this
second strategy can be implemented we need to identify what
hinders advancement to date.

Ultimately, this study is guided by the following research
question: “What systemic structures hinder advancement of
biodesign?.”

Methodology

In order to answer this study’s research question, pioneering
biodesign experts were interviewed. The data obtained is
very extensive, to the extent that in total three studies evolved from
this large dataset alone. Each using the data obtained from:
(1) responses of a specific set of questions within these interviews,
(2) different angles of reconfiguring this qualitative data. This
paper will report on one of these studies, focused on a specific set of
questions. Figure 1 illustrates the complete methodological process
for this study.

Phase 1 - Participant selection and recruitment

A systematic digital search (using Google search engine and
LinkedIn post search) was conducted to identify projects and
organisations operating within the field of biodesign. To ensure the
relevance of the sample, three inclusion criteria were applied:

1. The core activity of the project or company engages with
biodesign, verified by the presence of multiple key descriptors —
as illustrated in the Biodesign Model - on their digital platforms
(bioart, bioeconomy, bioassembly, biobased, biobased
economy, biocomposite, biodegradable, bioderived, biodesign,
biofabrication, biogenic, bioinspired, biological, bio-
manufacturing, biomass, biomaterial, biomimicry, biophilia,
bioplastic, bioreceptivity, biorefinery, biosynthesis, bio-
synthetic, biotic, bodily material, compostable, ecosystem,
green economy, growing design, marine degradable, material
ecology, microorganism, natural, organic, regenerative design,
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Phase 1 - Selection & Recruitment

Systematic digital search (37 keywords)
Inclusion criteria:
- Compa.ny/ project core activity relevance
- Leadership role in design process
- Consent to participate

70 Prospects contacted
21 Participants (data saturation reached) ———

Phase 2 - Data Collection

Interview protocol (3 sections)
- Rapport building
- Work insight

- Synthesis

Execution: Video conferencing (32-93min)

Automated transcription
Manual Refinement of transcriptions

Phase 3 - Qualitative Analysis (QUAGOL)

Process: Team-based (4 researchers)

Reliability measures:
- Double-review (within- & cross-case)
- OYer;lﬂppi.ng transcript analysis

Outcome: Concensus-building

Final scheme of concepts = list of codes
- 5 Overarching codes
- Multiple sub-codes +

Nvivo coding (Lead researcher)

Phase 4 - Systems Thinking

Analysis of responses to 3 specific
interview questions to extract:

- Challenges, obstacles, and barriers
- Opportunities, advantages and enablers

\

Identification of the system of biodesign and the
systemic structures hindering its advancement

Figure 1. Methodological process overview.

renewable material, synthetic biology), which were studied in a
prior study on terminology (Vuylsteke et al. 2023);

2. The prospective participant had to hold an active or lead-
ership role in the biodesign process; and

3. A willingness to participate in the study.

70 candidates were identified and contacted to participate.
Recruitment continued until data saturation was reached, defined
as the point at which no new themes or insights emerged in
subsequent interviews. The final sample - constituting 21 expert
participants (n = 21) — was deemed sufficient given the depth of the
interviews and the strong thematic convergence observed across
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the data, which indicated that significant and diverse insights could
be derived from participants’ reported experiences. Table 1
provides an overview of these biodesign expert participants,
highlighting a diverse range of professional backgrounds and
geographical locations.

To ensure relevance across the contexts in which biodesign is
enacted, the studies defined and targeted four distinct audience
groups that biodesign on different scales and with different
purposes: academia, individual designers, design agencies and
industry with R&D departments.

o Academia is defined here as the collective world of higher
education, research and scholarship, encompassing pro-
fessors, researchers and students who are dedicated to the
pursuit and preservation of knowledge in Industrial Design
Engineering Technology.

Individual designers are defined as freelance professionals
who are self-employed and work in service of a larger
company or project.

o Design agencies are defined as collectives or teams of
designers with specific specialisations working in service of
larger companies or projects.

Industry with R&+D departments is defined as companies that
have specialised departments of designers, architects, engi-
neers and/or bioengineers who pursue novelty within the
company’s niche.

These four target audiences were also made explicit in the
tabular overview of the biodesign expert participants. Some
participants were attributed to multiple target audiences. Of all
participants, 28% were involved in academia, 57% as individual
designers, 10% in design agencies and 38% in industry with R&D
departments.

Phase 2 - data collection

An interview protocol was established and validated (https://
doi.org/10.6084/m9.figshare.26206817) (Vuylsteke et al. 2022a),
consisting of three distinct phases:

1. 4 opening questions to establish rapport;

2. 10 questions providing insight into the participants’ specific
work; and

3. 10 closing questions designed to broaden the scope of the
discussion and facilitate a synthesis of the interview.

All interviews were conducted in English by the lead researcher via
video conferencing (using MS Teams), with durations ranging
from 32 to 93 minutes. Audio recordings were transcribed auto-
matically and subsequently refined manually to ensure accuracy.

Phase 3 - qualitative data analysis

The study employed the Qualitative Analysis Guide of Leuven
(QUAGOL) methodology to ensure a rigorous and transparent
interpretive process (Dierckx de Casterle et al. 2012). The method
entails a, preparatory phase followed by an actual coding phase. In
the preparatory phase, all transcripts were subjected to thorough
re-reading. Reliability was supported through two specific mea-
sures: first, each interview was randomly assigned and reviewed by
at least two researchers to ensure overlap and verify consistency in
interpretation; and second all researchers reviewed the interview
once within-case (interview by interview) and once cross-case
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Table 1. Overview of biodesign expert participants

Interviewee Country Country

acronym Job title Target audience Expertise in of origin based Biodesign projects

AF. Product design intern Individual designer Product design Poland Belgium A chair seat made of a
biocomposite from offal (bones
and blood).

AE. Biodesigner Individual designer Product design Turkey Turkey A water-resistant commercial
soap packaging made of
artichoke leaves.

A.C. Astrobiology researcher Academia Product design us us Materials made from food waste.

B.M. Product/fashion Individual designer Product design Poland Poland A chair seat made of a

designer biocomposite from offal (bones
and blood).

C.Mo. Materials science Academia Material design us us Biologically derived polymer

engineer/sustainable research.
materials research
consultant

C.Mc. Designer/researcher/ Individual designer/ Product design us us A raincoat made from algae-

assistant professor academia based polymer.

cw. Grant recipient as Individual designer Material design Germany Germany Textile dyeing process using

integrated designer pigment producing bacteria.

C.T.M. Research assistant Academia Fashion design Spain UK Bio-engineered silk.

F.A. Founder/designer Industry R&D Product design/  Brazil Brazil Natural rubber derived jewellery

Fashion design/ products.
Social design

I.P. Founder/designer Industry R&D Product design Thailand Germany Flower waste-based packaging.

JA. Future materials Individual designer/ Microbiology/ us UK Mushroom-based pigments for

research fellow academia product design cosmetics.

JR. Material researcher/ Industry R&D Material design UK UK Sunflower-based textiles.

designer

K.L. Founder/designer/ Industry R&D Architecture us Denmark Seagrass thatching.

architect

K.B. Lecturer/PhD Candidate Individual designer/ Product design South South Biobased birds’ nests for

academia Africa Africa endangered species.

L.W. Material expert Individual designer/ Product design Germany Germany Developing a material from sugar

design agency beet bagasse.

L.U. Junior design engineer Individual designer/ Product design/  Germany UK Colour printing with algae.

industry R&D material design

M.M. Founder/designer Industry R&D Product design/  Italy Italy Mycelium-based wall cladding

material design and flooring.

M.K. Founder/designer Individual designer/ Product design India The Foot ware from fallen palm

industry R&D Netherlands  leaves.

M.S. Designer Individual designer Product design The UK Seaweed-based packaging.

Netherlands
0.Y. Founder/designer Industry R&D Fashion design China China Fruit waste-based fashion items.
S.L. Founder/designer Individual designer/ Product design Israél The Gutta Percha polymer

design agency

Netherlands

application.

(question by question) to mitigate order bias. Each researcher
produced narrative interview reports that captured the partic-
ipant’s storyline and key meaning and created a conceptual
interview scheme containing preliminary concepts and their

relationships (Figure 2).

The team subsequently compared and synthesised individual
schemes, resulting in a joint conceptual scheme that established
seven overarching codes and associated subcodes (Figure 3)

(Vuylsteke et al. 2022b).

The actual coding phase was supported by NVivo software
(Lumivero 2022). The seven overarching codes and their respective
subcodes were imported as a preliminary codebook. The relevant
interview fragments were linked to the appropriate codes, intro-

ducing emergent subcodes where novel commonalities appeared,
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Figure 2. Narrative interview reports as conceptual interview schemes of concepts of the four researchers (access to original file through https://doi.org/10.6084/m9.figshare.

26206883).

o What are the challenges and opportunities of biological
elements and its accompanying design practice?

» Which obstacles or barriers do you encounter in your design
process when designing with biological elements?

o Which advantages or enablers do you identify when
designing with biological elements?

From the responses of these three questions, the challenges,
obstacles and barriers, as well as the opportunities, advantages and
enablers were coded together with interview excerpts for empirical
grounding under the overarching codes Challenges and
Opportunities and Obstacles/Barriers & Advantages/Enablers. In
this way, this study specifically focused on two of the seven
overarching codes. Table 2 holds the subcodes for which each has
one or multiple interview excerpts attached to it, ranked from most
to least attached excerpts.

Phase 4 - systems thinking

Through the interview excerpts attached to the codes, logical
patterns emerged as systemic structures. Accordingly, these codes

became either the stock or the flow elements of the system of
biodesign which was represented through use of a Causal Loop
Diagram (CLD) (Forrester 1997; Senge 1990). In systems thinking —
especially in its visual representations with CLDs - stock are the
elements that can be added or subtracted from a system over time,
while the flow are the actions of processes that increase or decrease
(transform) this stock in a system represented by arrows.

The opportunities, advantages and enablers were representing
the current biodesign systemic structures (= current state of stock
and flow), while the challenges, obstacles and barriers were the
hindering systemic structures (= root causes to advancement of the
field). In this way a contemporary system of biodesign was
identified with its hindering systemic structures. Some of the
systemic structures that emerged, aligned with recognisable System
Archetypes which describe common patterns in complex systems
(Braun 2002). In this way the hindering structures could be
explained through these known archetypes and their established
Behaviour Over time plotted in a Graph (BOTG) (Braun 2002).

Thus, through Causal Loop Diagrams (= containing stock and
flow), System Archetypes (= recognisable patterns) and Behaviour
Over Time Graphs (=behavioural cause and effect diagrams
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Table 2. The subcodes identified for the overarching codes Challenges and opportunities and obstacles/barriers & advantages/enablers after qualitative analysis of the
expert interviews

Challenges and opportunities Subcodes (Amount of interview excerpts attached to it)

Challenges Making the desired material properties to be functional (10); Collaboration (9); Knowledge, financial and technological
resources (7); Professionalisation today (6); Time consuming (5); No fixed process or methodology (3); Communication
(3); Documentation (3); Gaining social acceptance (2); Transparency (2); Cost of materials (1); Specialised equipment (1);

Pragmatism (1); Terminology (1)

Opportunities Sustainable innovation (4); Awareness of waste streams and the biobased movement (2); Practical experience (2);
Thinking local (2); Collaboration (2); Scaling up (1); Satisfaction that comes with biodesign projects (1); Inspiration

across disciplines (1); Failures (1)

Obstacles/barriers &

Advantages/enablers Subcodes (Amount of interview excerpts attached to it)

Obstacles/barriers Predictability and control over the material properties (over time) (9); Lacking knowledge, finances and technological
resources (6); Collaboration between different fields of study (6); Material development involves a lot of failure (4);
Industrialisation as a goal can be experienced as an obstacle (3); Material durability whilst still maintaining the
biodegradability (2); Sharing failed experiments with the community (2); Material certification (1)

Advantages/enablers Collaboration (4); The innovation part (3); Designing of, with and/or for nature (2); Sustainable alternatives (2);

Access to knowledge (2); Designing both the material and the product (1); More autonomy and creative freedom (1);
Laboratory environment (1); Experimenting (1)

Circumscribed concepts appeared insightfully by the researchers

Resear The Biodesigner mindset

Obstacles/| ) = * odegrasoany
Advantages/Enablers

LR -

Teminciogy, which 48 contrtsutes

9.3 lack in kowiegde

anemeTriaton snd
Ssemnation

Figure 3. Joint scheme of concepts through consensus building amongst the four researchers, resulting as the preliminary codebook (access to original file through
https://doi.org/10.6084/m9.figshare.26206883).

plotted over time) the system of biodesign was identified and
analysed to highlight the current systemic structures that might
hinder the advancement of biodesign in Industrial Design
Engineering Technology contexts (Figure 4).

Validation of these CLDs, BOTGs has happened by two systems
thinking expert researchers.

supporting design tools, the integration of different disciplines, the
involvement of different design agencies (human and more-than-
human) and other enabling conditions.

Systemic understanding of biodesign

As explained in the research method, this understanding is created
through a system-oriented research approach. In line with systems

Results thinking, this study explicitly adopts the premise that systems can

For the advancement of the biodesign field, it is of interest to
understand how its design practice is enacted - such as the use of

be described on multiple system depths of which the systemic
structures are most fundamental - see Iceberg Model (Kambiz E.
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Causal Loop Diagram (CLD) Behaviour Over Time Graph (BOTG)
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Figure 4. System CLD, Archetype, and BOTG \ ) System Effect
demonstration. — — System Cause
and Cavana 2007; Kim 1992, 1999; Senge 1990). Accordingly, a
simplified representation of the system of biodesign is presented in
the accompanying Figure 5, which visualises the biodesign system Design & T’;B‘]‘
and its diverse system depths as conceptualised in this research. Process satapes.
Within this simplified representation, the designer is positioned
centrally at the system depth of (Non-)Human Agency, reflecting
how biodesign unfolds through interaction between human Design e
ow g g Tools supporung

agencies and more-than-human agencies. On a deeper system
depth, design practicing human agencies are understood to operate
through Competency subsystems, which in turn are constructed
through underlying subsystems of Knowledge, Skills and Attitudes.
Moving to the other deeper side from the agency level, the Design
Brief functions as a system depth that informs design agencies of
either a design challenge or the opportunity to work with biological
elements. Even deeper, the enabling system for the design brief
provides Design Tools, which support and operationalise the
Design Process system level. Importantly, the system boundaries
presented in this study are drawn from a design field enabling
perspective, meaning that the system stock & flow acknowledged
through evidence-based qualitative analysis — and the system
depths identified - are bounded by the perspective of what enables
or constrains biodesign.

Systemic structures that hinder advancement of biodesign

The qualitative systemic analysis (as explained in the
Methodology) revealed several systemic structures (in Figure 5
represented by black stroked system stock) that might hinder
advancement from early curiosity to sustained biodesign
advancement. These systemic structures are grounded in the expert
interview data through: (1) expert interviews description of
concepts database (https://doi.org/10.6084/m9.figshare.26206910)
(Vuylsteke et al. 2024), (2) figure of the detailed system of
biodesign and its empirically grounded evidence of interview
excerpts (https://doi.org/10.6084/m9.figshare.31429523) (Vuylsteke
et al. 2026). Each deeper systemic structure is described in detail and
represented in a figure (Figures 6-9) using Causal Loop Diagrams
(CLDs), System Archetypes, Behaviour Over Time Graphs (BOTGs)
and empirical evidence through interview excerpts that point
this out.

(Non-)
Human
Agency

More-Than

-Human

Knowledge,

Skills,
Attitudes

biodesign
actice

Human

Community

(Aspising)
Biodesigners Competency
Uptake of Building
’ biodesign Materials
Biologist, practice
Biotechnologist,

Biochemist

Accessibility limitation

Enowledge  Skall Attitude

Figure 5. Simplified representation of the system of biodesign (access the detailed
system of biodesign through (https://doi.org/10.6084/m9.figshare.31429523).
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Behaviour Over Time Graph

Causal Loop Diagram
Accessibility A
= Limiting
Condition
+ + ”
B}
=
=
%
Insp:ra.n.on Implementation 5 S
for aspiring of biodesign Fragmentation
Biodesigners

o\

Interview Excerpt

Accessibility
— — Biodesign support materials

"I think right now, with all the resources out there are either like recipes or like case
studies of like Neri Oxman and all these like famous bio designers, here’s all their
work. But like, you kind of have to reverse engineer. Like, how did they get there, you
know? And there’s no kind of resource on the logistics of science and how to keep a
lab book. And all these little things that if you went through the institutional
pipeline, you would learn. But it's very inaccessible for someone who kind of lives
outside of that world. Biodesign is not very accessible and is very insular. So if you
take a class, you know you can use this space in the nature lab, which is our biodesign

area to do these things. But then once you're out of it, it's like, OK, I don’t know how
to source these things. It's just really hard to do. So I think one of the key challenges,

is that biodesign knowledge is very fragmented.” - A.C.

Systemic structure 1 - limits to growth - accessibility

A first systemic structure (Figure 6) can be described as limits to
growth (Braun 2002). As knowledge, skills and attitudes gained from
successful demonstrators of biodesign practice increase, demand for
a design process and competency building grows as well, reinforcing
further growth. However, when diverse design methodologies and
knowledge, skills and attitudes are created from many diverse
directions without a systemic understanding, these resources
increasingly fragment into an unstructured overload of information.
This reduces accessibility over time, particularly for starting
biodesigners who lack the experience to navigate dispersed,
inconsistent or incompatible field supporting materials. Because this
fragmentation and reduced accessibility occur at the deepest system
depths - knowledge, skills and attitudes and design process - it
becomes a foundational limiting condition that constrains
advancement across multiple other systemic levels (Competency,
Design Tools, Design Brief, [Non-]human agency). In other words,
a weakness experienced at one of the deepest system depths
propagates outwards, limiting the capacity of the overall system to
reliably build proficiency and advance the biodesign field. As
expressed by interviewee A.C. in the below interview excerpt, the
experienced fragmentation, the inaccessibility and the insular nature
of biodesign related resources today is a limiting condition of
aspiring biodesigners to implement this design field in their projects,
hence potentially limiting the growth of the overall design field.

Systemic structure 2 - eroding goals - expectations of
biodesign projects

A second systemic structure (Figure 7) can be described as eroding
goals (Braun 2002). There are pressures in the design brief to deliver

Figure 6. Causal loop diagram, behaviour over
time graph and expert interview excerpt of sys-
temic structure 1 - limits to growth - accessibility.

on successful biodesign projects that meet standards, expectations
and certification (which are some performance requirements of
biodesigned artefacts). Think for example of functionalising
desired material properties, matching the product lifespan with the
material lifespan, social acceptance or upscaling. These pressures
become especially urgent because clients today often demand
biodesign outcomes mostly as drop-in replacements that perform
as well as pre-existing products. Under these conditions, pressure
builds to decrease standards, expectations and certification
thresholds for biodesigned solutions, rather than investing on the
long-term in foundations (like design methodology or competency
building) to meet existing expectations. This dynamic risks
normalising reduced ambitions and weakened evaluation criteria
over time, thereby undermining the very goals that would other-
wise drive the uptake and advancement of biodesign in Industrial
Design Engineering Technology. As interviewee J.A. pointed out, it
is unrealistic and unjust to the identity of the biodesigned artefact
that people demand products which can replace their predecessors
on a one-to-one basis (drop-in replacements) and perform just as
well; this results in lowering the standards for such biodesigned
artefacts. True advancement of the biodesign field therefore
requires investing in itself, rather than devaluing biodesign by
measuring it against the rigid metrics of the past.

Systemic structure 3 - growth and underinvestment - invest in
biodesign competencies

A third systemic structure (Figure 8) can be described as growth
and underinvestment (Braun 2002). Within the current system,
there is underinvestment in biodesign competency building, driven
by a limiting factor located in the Design Process system depth:
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Interview Excerpt

“I think one of the biggest issues can be explained with an example. So everybody
wants an alternative leather, that has no polyurethane or PVC and they want it to
perform exactly like animal leather. They want it durable, they want it to be as water
repellent, they want it to be as breathable and they want it to be biodegradable. And
you simply can’t have it all. I think that’s disrespectful to the material. Right? Like
for example the mushroom based leather alternative, that should be considered on its
own as a material, and it should not be compared against something that it is literally
not. It is unfair to put a chitin based biocomposite against a collagen based animal

Figure 7. Causal loop diagram, behaviour over
time graph and expert interview excerpt of
systemic structure 2 - eroding goals - expect-

ations of biodesign projects. r[’pfﬂﬂ’?!!f_’m‘. E .I"'\'

the accessibility to knowledge, skills and attitudes of biodesign
(systemic structure 1). This limiting factor contributes to a drift in
the Design Brief system depth, where standards, expectations and/
or certification requirements for biodesigned artefacts decrease
over time (systemic structure 2). The combination of rising interest
and insufficient investment in competency building creates a
compounding dynamic over time (delayed, see || in the archetype):
growth in attention to biodesign does not translate into growth in
proficiency and implementation, and the system compensates by
adjusting targets downwards rather than strengthening its
underlying capacity. As interviewee LP. noted, rather than com-
promising on performance, the interviewee refocused on acquiring
the biodesign competencies (specific knowledge, skills and atti-
tudes) necessary to navigate and master the field’s underlying
processes. In this way, this interviewee sought the right working
environment that provided it with the resources to enhance its
biodesign competencies and reach its desired results.

Systemic structure 4 - tragedy of the commons - knowledge
restrictions in biodesign

A fourth systemic structure (Figure 9) can be described as a tragedy
of the commons (Braun 2002). Field support in biodesign are
currently fragmented across diverse tools, platforms and formats,
often generated by pilot projects and pioneers themselves and are
frequently fenced off to protect their knowledge gains and insights,
their creations and even their development processes (agency
level). Thereby limiting reproduction, scaling and the broader
uptake of the field - reinforcing the limits-to-growth dynamic
(systemic structure 1). At the same time, pioneers’ successes inspire

leather biocomposite versus a polyurethane one. They are fundamentally different.
And I think as consumers, we are made to believe that everything can be a drop in

new aspiring biodesigners to engage with the field, increasing
demand for accessible field support. Yet as long as the commons
remains protected and fragmented, further growth is constrained;
this may reduce investments and resources and ultimately mini-
mise, limit or even destruct efforts to maintain the commons and
long-term investments — here understood as the sustained creation
of new design methodologies, competency building, tools, etc. in
biodesign. As expressed by interviewee A.C. there is a need for a
more organised body of knowledge about biodesign, as currently it
seems designers are forced to reverse-engineer finished projects
just to understand how they work.

Discussion
Insights

A key insight of this study is the suggestions to move from isolated,
well-intentioned biodesign support efforts towards an integrated
and complementary support system for biodesign. Rather than
treating models, tools, workshops, educational initiatives or plat-
forms and many more as stand-alone solutions, systems thinking
may allow to conceptualise biodesign as an interconnected system
consisting of multiple system depths, interacting over time. This
perspective made it possible to shift the focus from the effectiveness
of individual interventions towards the behaviour of the overall
systemic structures that hinder the field’s advancement. In doing
so, the study responds directly to the wicked nature of biodesign,
for which no single intervention can suffice and where effectiveness
depends on the designers employing it.
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"I was in the Faculty of Design and I really tried to reach out to scientists and like
the Faculty of Science there, but there was no connection whatsoever. And this was
really tough for me being a designer, going there and then say like, “hey, I want to
turn this fruit into something”. So I went to Finland specifically, because they have
this collaboration in place. So I was there, started my project doing this and then |
was also a teaching assistant for ChemArts for a while. The challenge was definitely
that I lack the scientific knowledge, because, working with materials, especially
biomaterials, you do need to understand what's inside the material that you're
working with. And for me, ChemArts gave me like a basic understanding, but I need
it still to look into a lot of scientific papers and try to understand everything nyself.

And that's definitely challenging.” - LP.

Y

Figure 8. Causal loop diagram, behaviour over
time graph and expert interview excerpt of sys-
temic structure 3 - growth and underinvestment -
invest in biodesign competencies.
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Interview Excerpt

“I'm working on some sort of a primer or what I call a field guide to Biodesign, which
is hopefully going to be a written resource to kind of cherry pick concepts in biology
and biology related concepts, sich as organic chemistry or biotechnology or like the
ethics of biodesign. And it's kind of different topics that I think would be useful for
someone going into biodesign, not someone who's already established, but I think
right now, with all the resources out there are either like recipes or like case studies of
like Neri Oxman and all these like famous biodesigners, here’s all their work. But
like, you kind of have to reverse engineer. Like, how did they get there, you know?
And there’s no kind of resource on the logistics of it.” - A.C.

Figure 9. Causal loop diagram, behaviour
over time graph and expert interview excerpt of
systemic structure 4 - tragedy of the commons -
knowledge restrictions in biodesign.
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Systemic design of interventions

From this systems-oriented perspective developed in this study, the
identified hindering systemic structures can be addressed through
two distinct approaches that co-exist.

 One approach is to divide the problem into smaller problems
at deeper system depths, for instance by enabling each bio-
designer to build their own design processes and competency
materials (e.g., journaling progression protocol, IP control,
local lab building, etc.). While this may increase local
capability, it also risks producing an even more fragmented
and scattered system of isolated, localised biodesign
initiatives. Therefore a second approach goes in tandem.

o This second approach is to integrate such biodesign supporting
tools into a system of interventions at system depths propor-
tional with the size of the actual hindering systemic structure:
for example, a field enabling system with tools that provide
methodological guidance and empowers existing and aspiring
biodesigners to take up biodesign principles within their
Industrial Design Engineering Technology projects.

Given these two approaches, interventions can be designed which
divide the wicked problem into smaller ones, but at the same time
integrate the proposed solutions in an overarching, adaptive
structure that is proportionate to the biodesign system it addresses
(Kauffman Jr. 1980). Some promising potential interventions that
may support advancement of biodesign across its multiple system
depths are here proposed, but it is suggested that future research
must not be limited to these alone:

o Systemic Structure 1 - Limits to growth — Accessibility:
Located on the deepest system depth and propagating
through all other depths, is the accessibility to knowledge and
competency building. Therefore, a methodological struc-
turing of the design process, combined with a reference point
for competency building in biodesign hold promising
potential to advance the field. This has also been acknowl-
edged by the open call in Research Directions: Biotechnology
Design, where leading scholars asked “How do we grow a
biodesigner?” — inviting contributions to define the field’s
education and practice (Vijayakumar et al. 2024). By map-
ping how pioneering biodesigners articulated and structured
their practices — as acknowledged by peer researchers, that is,
Jang et al., this study and future work may better understand
the leverage points at which to potentially meaningfully
intervene (Jang et al. 2024).

o Systemic Structure 2 - Eroding goals - Expectations of
biodesign projects: This archetype described how the
increasing pressure to rapidly deliver high-performance,
drop-in replacements using biological elements can lead to a
lowering of standards and expectations of biodesign projects.
Instead of investing in the long-term development required
for successful biodesign, practitioners may resort to super-
ficial, symptomatic solutions. To counter this tendency, the
proposed methodological structuring of the design process
can be translated into a series of practically applicable and
accessible interventions. These interventions may for
example include a guiding card set that informs, inspires and/
or activates users or a digital platform with inspiring
examples that also hosts other essential biodesign related
information, etc. Most importantly, while such interventions

Bert Vuylsteke et al.

would operate individually at the system depth of tools, their
collective integration may potentially form a toolkit, which
functions at the system depth of design brief. Such toolkit
may therefore enable designers to formulate new biodesign
opportunities and challenges to be solved, explore biological
elements and structure their design processes more effec-
tively. Respectively, scholars indirectly noted that such sys-
tem of interventions (toolkit) may support an ongoing
transition from fragmented initiatives of biodesign (Bandoni
et al. 2022; Chen et al. 2023; Gough et al. 2021b) towards a
more coherent conceptual consolidation (Dade-Robertson
and Zhang 2024).

o Systemic Structure 3 — Growth and underinvestment — Invest
in biodesign competencies: When increasing interest in
biodesign does not translate into sustained investment in
competency building. As a consequence of the previously
described limits to growth and eroding goals, expectations
and performance standards may gradually decline. To
address this systemic structure, the previously introduced
competency reference point for biodesign may help. This
may even serve a dual purpose. On the one hand, it provides
guidance for the development of future educational pro-
grammes that aim to train biodesign practitioners. On the
other hand, it functions as a reflective tool that allows
companies and designers to assess their own progression in
biodesign competency development. Today already, a
growing number of institutions are incorporating biodesign
into various design-related curricula, which demonstrates a
growing interest in competency building in this field of
design (Strobel do Nascimento and Heemann 2023).

o Systemic Structure 4 - Tragedy of the commons - Knowledge
restrictions in biodesign: The tendency of pioneers to gate-
keep intellectual gains for competitive advantage presents a
barrier to the advancement of biodesign. This behaviour,
while understandable, restricts the shared methodologies
essential for innovation. Mitigating this requires a dual
approach: the deployment of knowledge-dissemination
events — such as seminars or workshops - and the adoption of
open-science and open-source practices to facilitate the
common field knowledge. To date, broader perspectives in
design and innovation research therefore emphasise that
complex practices are not solely shaped by individual ini-
tiatives, but also by the infrastructures and ecosystems within
which they are embedded (Thls and Pollini 2025).

Limitations

Six limitations of this study are here listed. (1) The selected experts —
however representing all intended target audiences - may still
not fully represent the current scope of biodesign professionals
(i.e. excluding people of the life-sciences). (2) Interviews were in
English, which was not the native language for most participants,
possibly limiting the depth of discussion. (3) While four researchers
conducted the qualitative analysis, the final coding was done by only
one researcher. (4) the systemic representation - including the
system depths, stock & flow - is purely constructed through the
viewpoint of biodesign. (5) The systemic structures hindering the
advancement of biodesign, expressed as archetypes that are
empirically grounded through the expert interview data, may still
not capture all patterns. (6) The CLDs and BOTGs have only been
validated by two systems thinking experts.
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Conclusion

This study set out to address the research question: “What systemic
structures hinder advancement of biodesign?.” Drawing on
extensive interviews with 21 pioneering biodesign experts (n = 21)
and qualitatively analysing their experiences through a systems-
oriented perspective, the study demonstrates that the limited
uptake of biodesign within Industrial Design Engineering
Technology cannot be reduced to isolated practical barriers.
Rather, it is rooted in deeper systemic structures that unfold across
multiple nested system depths — from knowledge, skills and atti-
tudes, to competencies, (non-)human agency, design briefs, tools
and processes.

Four recurring system archetypes were identified as particularly
constraining. (1) First, a limits-to-growth systemic structure reveals
how fragmentation of methodologies and competency-building
reduces accessibility, particularly for emerging practitioners. When
foundational knowledge structures are dispersed and unaligned,
progression across deeper system levels is restricted. (2) Second, an
eroding-goals systemic structure highlights how pressures to meet
conventional performance standards, certification schemes and
market expectations can gradually lower ambitions for biodesign
projects, normalising compromised objectives instead of
strengthening underlying biodesign capacities. (3) Third, a growth-
and-underinvestment systemic structure shows how increasing
attention to biodesign is not matched by proportional investment
in competency development, resulting in rising interest without
corresponding growth in proficiency. (4) Final and fourth, a
tragedy-of-the-commons systemic structure exposes how frag-
mented and often protected practice-support tools limit collective
learning, scaling and consolidation of the field, despite growing
demand for shared infrastructures.

Together, these systemic structures reveal that the obstruction
of biodesign is not primarily a matter of individual resistance or
technical infeasibility, but of systemic nature. Biodesign currently
operates within a support system that remains fragmented,
unevenly resourced and structurally underdeveloped. The field’s
complexity - shaped by multi-species agency, transdisciplinary
collaboration, ethical considerations and heightened variability -
demands more than isolated interventions. It requires coordinated
systemic design of practice-enabling infrastructures, that is,
methodological process structuring, competency reference points,
applicable supportive tools, etc.

A key contribution of this study is therefore methodological: by
applying systems thinking to the biodesign field, it shifts the
discussion from evaluating individual tools or initiatives towards
understanding the behaviour of the overall system. This per-
spective makes visible reinforcing and balancing feedback loops,
delays and unintended consequences that would otherwise remain
obscured. In doing so, it responds directly to the wicked and
systemic nature of biodesign implementation in Industrial Design
Engineering Technology.

Two broad strategic directions emerge. One is to decentralise and
localise solutions, enabling individual practitioners to construct their
own competency trajectories and processes. While this may
strengthen local capacity, it risks further fragmentation. The alter-
native that must co-exist with the first approach is to intervene at
deeper system depths through the development of integrated,
practice-enabling systems that align methodologies, competency-
building, tools and evaluation criteria. Such systemic interventions
are more proportionate to the scale of the identified systemic
structures and more likely to generate cumulative, long-term impact.
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