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Introduction

Designers are makers, and in that making lies vital potential for
knowledge production: this is the notion at the heart of practice-led
research, which, through systematic documentation and analysis
of practice, argues that making is knowing (Dunin-Woyseth &
Michl, 2001; Frayling, 2012). This growing field of research has, in
recent years, proposed new ways of approaching materials and their
agencies (e.g., Tuin & Dolphijn, 2012), demonstrated the importance
of process-focused inquiry (e.g., Ingold, 2013), and provided
a venue for innovative modes of collaboration (e.g., Groth et al.,
2022). At the same time, designers across the discipline are pursuing
sustainable approaches by engaging with a broader repertoire of
materials, including living organisms (Karana et al., 2020). These
pursuits are further facilitated by new technologies and digital
fabrication techniques, requiring designers to navigate through
and negotiate their intentions with disparate agencies. Accordingly,
there is a need for increased mindfulness about interaction and
negotiation in the design process, as well as a renewed urgency to
design with intentionality, thus making space for diverse agencies.
This is reflected in the evolution of designing-with and more-than-
human design (Wakkary, 2021), as well as in the growing emphasis
on processes rather than outcomes across the scope of design
research (e.g., Gaver et al., 2022). This paper proposes that through
practice-led research, a better understanding of the conditions and
consequences of designing-with can be achieved; furthermore,
it cultivates insights about the value of entangling practices,
techniques, and expertise in interdisciplinary contexts.

B¢ www.ijdesign.org

31

The Growing Tessellations project presented here brought
together two design researchers and makers with diverse expertise:
one with a practice-led focus on bio-based materials and craft
methods in origami tessellations, and the other with an extensive
background in smart and biological materials from a Material-
Driven Design (MDD) perspective. This resulted in an exploratory
collaboration that combined tessellations and biofabrication in
order to investigate whether dynamic, three-dimensional structures
could be grown rather than folded. Our objective in this project
was to push our own understandings of practice by integrating
non-human makers—in our case, growing materials and digital
fabrication—into a living design process built on the notions of
reflection and negotiation. In achieving that, we set out to discover
how designing happens differently with living materials, and,
additionally, in what ways the agents and processes involved
might converge to embody a living design process (Alexander,
2002b). Our respective backgrounds intertwined craft techniques
centered around paper and folding together with digital tools and
laboratory-based mycelium work, and we immediately found that
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Figure 1. Origami tessellations:
dynamic structures that use the (clockwise from top left) waterbomb, Kresling, Miura, and Resch triangle folds.

craftsmanship (both manual and digital) and mycelium shared
numerous commonalities, creating a foundation for fruitful
exchanges between materials and processes.

With practice-led research as a methodological basis, we
aimed to deconstruct and analyze our process in order to address
crucial gaps in the largely philosophical approach of designing-with:
specifically, how novel affordances are unveiled, where relevant
critical theories lie, and how artifacts serve as crucial access points
for the analysis of emerging practices. The seemingly disparate
methods of creating origami tessellations and growing organic
material provided a serendipitous departure point for the project.
While necessitating close collaboration and the development of
innovative tools and techniques, it also served as a conceptual model
to navigate the theoretical aspects of the research. Tessellations are
defined as periodically repeating patterns that extend indefinitely
with no gaps, and origami tessellations merge mathematics and
craft to produce dynamic, three-dimensional structures that utilize
tessellated patterns (Figure 1).

As such, origami tessellations embody a simultaneity
requisite for designers working in interdisciplinary contexts:
a necessary adherence to formal and structural constraints
alongside an openness to agency, emergence, and negotiation.
In particular, tessellations underscore the dynamic and emergent
nature of holistic designing, where distinct disciplinary processes
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and traditions interweave to create innovative and sustainable
outcomes. In the case of the tessellation, mathematical parameters
dictate grids and unit cells, but emergence engenders the dynamic,
three-dimensional form through a process called “collapse”
(Figure 2). In the processes depicted here, yet more diverse and
distant agential capacities—spanning fungi, fibers, humans, tools,
and 3D printers, to name just a few—are incorporated, allowing
diverse practices and making traditions to entangle, negotiate, and
become together (cf. Camere & Karana, 2018). Tessellations as a
concrete medium, defined by specific mathematical and material
properties, thus serve as a useful boundary condition to navigate
the entanglements and negotiations of such multivalent processes.

This paper therefore joins a developing body of research
that focuses on process rather than outcomes of designing and
making (e.g., Meiklejohn et al., 2024; Oogjes & Wakkary, 2022),
including examination of the unexpected turns that make clear-cut
narratives messier and more controversial (e.g., Ikeya et al.,
2023). In our work, we draw on Ingold’s entanglement theory
of lines and knots (Ingold, 2013; 2015) and Alexander’s (2002a;
2002b) living design process to identify the entanglements and
negotiations between human and more-than-human actors, and
investigate how these are mediated through tools, techniques, and
artifacts. We then unpack our practices of making mycelium-based
tessellations and reconstruct the design events (Roberts, 2014;
Whitehead, 1979/1929; Whitehead, 2022/1919; Wilkie, 2018)
deemed as vital moments of translation between diverse courses
of action and the creation of keystone intermediary artifacts.
Our work contributes to ongoing discourses in both the evolving
field of designing-with as well as practice-led research, with
particular emphasis on the importance of reimagining practice
in material-driven, more-than-human, and interdisciplinary
contexts. The contributions are therefore threefold: 1) detailed
accounts of our living design process aimed at growing tessellated
structures with mycelium, 2) the investigation of intermediary
and final artifacts as both generated from and prompting acts
of negotiation, and 3) a methodological tool for mapping and
synthesizing the interactions among different craft, digital, and
biofabrication processes (growing tessellations).
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Figure 2. Folding an origami tessellation (from left to right):
creating a grid, pre-creasing the unit cells, and collapsing the form into a dynamic structure.

Related Work

This paper outlines a collaborative approach to growing “origami”
tessellations that incorporates craft as well as bio- and digital
fabrication, thus connecting several established and emergent
fields in the broad discipline of design. Combining this diverse
body of work with methodologies from practice-led research, we
aim to address the existing gap between philosophical approaches
to, and concrete processes and implications of, designing-with.

Perspectives on Making, Practice-Led Research,
and Designing-with

Practice-led research is a growing field in which design research
and craft practices are closely integrated (Nimkulrat, 2012).
Whether papermaking, weaving, ceramics, glass-blowing, or
anything in between, this branch of design research investigates
hands-on practice as vital in the production of knowledge
(Candy & Edmonds, 2018) and is predicated on the notion that
making and knowing are inseparable (e.g., Mikeld, 2007; Pye,
1995/1968; Sennett, 2008; Vega, 2021). Craft’s prominent role in
practice-led methodologies indicates a fundamental aspect of this
type of research: inherently process-driven, it aims to investigate
tacit knowledge—or knowledge implicit in experience—which is
particularly difficult to explicate (Frayling, 2012; Polanyi, 1997).
These experiential aspects of designing are equally instrumental
in new-materialist and post-humanist views and concepts, and
the work of Barad, Haraway, and Ingold has been of particular
influence in shaping the related discourse around design practice
(e.g., Nordmoen & McPherson, 2022; Shlain & Goldberg,
2019; Stahl et al., 2022). More-than-human design, for instance,
emphasizes the importance of diverse agencies in the design
process, from technologies to living entities (e.g., Verbeek, 2008;
Wakkary, 2021). This includes making space for a plurality of
actors and perspectives (e.g., Akama et al., 2020; Mancini et al.,
2012), considering ethics and care in work with living materials
(e.g., Chen & Pschetz, 2024; Oktay et al., 2023), and including
first-person relational perspectives in research methodologies
(e.g., Goveia da Rocha et al., 2021; Ofer & Alistar, 2023; Oogjes
& Wakkary, 2022). Closely aligned with more-than-human
design is the concept of designing-with, which aims to upend
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human-centered approaches with a focus on diverse perspectives
and interactions between materials, machines, and species (e.g.,
Avila, 2022; Ooms et al., 2022; Smith et al., 2017).

These distinct areas of design research share a common
objective of fundamentally rethinking the role of process,
and their methodologies are thus not only complementary but
capable of facilitating insightful cross-pollination. In practice-led
research, comprehensive documentation serves as a mode of
accessing and analyzing the actions that take place during the
making process (e.g., Lehmann, 2012; Mikeld & Nimkulrat,
2018). Documentation also allows for reflection—a critical aspect
of both practice-led research and more-than-human approaches
(e.g., Dalsgaard & Halskov, 2012; Meiklejohn et al., 2024;
Pedgley, 2007). In reconnecting design researchers with making
processes, these parallel areas of research also generate essential
discourses about the agency of materials (e.g., Tuin & Dolphijn,
2012), the significance of making in the generation of knowledge
(e.g., Dunin-Woyseth & Michl, 2001), and the importance of
morphogenetic approaches in designing (e.g., Ingold, 2013).

Tessellations in Design, Engineering, and HCI

Origami tessellations encompass a wide range of design-related
research, and recent applications include innovations in auxetic
textiles (e.g., Mohan, 2020; Wang et al., 2022; Xu et al., 2022)
as well as packaging design (e.g., Kouko et al., 2023). Both
instances illustrate the significance of tessellations’ mathematical
and mechanical properties in functional applications, and this
is indicative of a long history of interdisciplinarity amongst
mathematics, engineering, and design in the context of
tessellations (e.g., Davis et al., 2013; Kankkunen et al., 2022;
Meloni et al., 2021; Zhang & Zhao, 2024). Similarly, applications
of origami tessellations are well represented in HCl-related
research, including foldable interactive displays (Kinoshita
et al., 2014; Lee et al., 2021; Olberding et al., 2015; Tan et al.,
2015), deployable technologies (Liang et al., 2023; Zirbel et al.,
2013), soft robotics (Kaufmann et al., 2022; Zhang et al., 2022),
actuators (Purnendu et al., 2021; Wang et al., 2023; Wu et al.,
2024), metamaterials (Chen et al., 2021; Liu et al., 2018), and
shape-changing tessellations developed with 4D printing (e.g.,
Feng et al., 2024; Miihlich et al., 2020; Narumi et al., 2023).
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At the same time, the shape-changing capabilities of
tessellations have been examined in both architecture and soft
robotics, including their ability to flat-fold, capture multiple
degrees of freedom, and demonstrate a negative Poisson’s ratio
(Felton et al., 2014; Narumi et al.,, 2023; Yousefi & Parlac,
2023). In addition to mechanical properties, the experiential
possibilities of tessellations are especially evident in designing
tangible interactive interfaces that use origami-inspired structures
(Kinoshita et al., 2014; Olberding et al., 2015). These include
wearable technologies that adapt to user preferences (e.g., Ku et
al., 2024), as well as physical supplements to digital technology
that utilize corrugated structures to enhance user interaction (e.g.,
Tan et al., 2015). The tunability and flexibility of tessellations are
of particular interest here, where research focuses on customizing
user experience and making digital information available in
tangible forms (e.g., Chang et al., 2020).

Biofabrication and the Practice of Growing

With the shift towards more sustainable practices, biodesign and
biofabrication have become growing areas of focus, including
design that incorporates microorganisms—such as microalgae,
bacteria, and fungi—into the fabric of (often interactive) artifacts
(e.g., Groutars et al., 2022; lkeya & Barati, 2023). A developing
body of work investigates the offerings of such a partnership with
biological nonhumans for interface design (e.g., Barati et al., 2018;
Breed etal., 2024), sensing and actuating (e.g., Yao et al., 2015), and
growing parts (e.g., Bell et al., 2023). Biofabrication with mycelium
makes up a significant portion of this research and includes the
cultivation of fungal networks to achieve desired forms and/or
functionalities (e.g., Geng et al., 2022). Recent work in mycelium-
based biofabrication demonstrates a wide range of applications,
from mycelial textiles and wearables (Lazaro Vasquez et al., 2024;
Vasquez & Vega, 2019), to self-healing (Elsacker et al., 2023) and
repair (Ng et al., 2021), to comprehensive tools for prototyping with
mycelium (Bhardwaj et al., 2021; Gough et al., 2023). Such works
in Growing Design (Camere & Karana, 2018; Karana et al., 2020)
address an urgent need to reconsider how we use natural resources
(D’Olivo & Karana, 2021), what opportunities biofabrication offers
(Gough et al., 2021), and the ways in which growing processes can
be used to foster innovation (Chen & Pschetz, 2024; Zhou et al.,
2022). In addition, recent work examines both the sustainability
and growing-as-making potential of regenerative design, in which
living materials are introduced as active agents into the design
process (Pollini & Rognoli, 2024).

Growing Tessellations

The shift to process-focused perspectives has led to greater
consideration of how knowledge is developed through the design
process, with the examination of processual events and intermediary
artifacts as central elements of designing in a research framework
(Nimkulrat, 2012; Perner-Wilson et al., 2010; Wiberg et al.,
2013). Recognizing design events as units of analysis (Oogjes &
Desjardins, 2024; Whitehead, 2022/1919) has offered fresh insights
into how making contributes to innovative design processes,
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whether by illuminating agencies and roles of materials, clarifying
designers’ intentionalities, or focusing inquiry on different modes
of becoming (Roberts, 2014; Wilkie, 2018). In our approach to
growing tessellations, we focused on events that defined the design
process, with the objective of tracing how those events informed
subsequent actions. This emphasis allowed the design process
itself—and the negotiations inherent in it—to shape the project
as it unfolded. Our concept of growing tessellations can thus be
leveraged in following the lines and knots of designing and making
processes, with intermediate and final artifacts serving as access
points for analyzing those processes.

To support our understanding of “growing tessellations”
as a concept and unpack its corresponding events and processes,
we look to the theory of entanglement and its notion of lines and
knots that form a process of becoming (Ingold, 2013, 2015, 2021).
In Ingold’s view, the process of becoming is exemplified in the
life of a line (Ingold, 2015). A line travels along its own path,
from which it entangles with other lines, creating a knot. Thus, in
both social and creative endeavors, interactions can be viewed as
a meshwork of entangled lines, each retaining its particularities
but also intertwining to create new “knots.” Specific to designing,
these lines represent actors or processes—constituents in the
making process—and their meshwork becomes a configuration of
correspondence (Ingold, 2013).

This meshwork and the flux in which it operates are part of
a living design process, as described by Alexander (2002b): “the
nature of order is interwoven in its fundamental character with
the nature of the processes which create the order” (p. 2). In the
work presented here, diverse techniques, tools, and perspectives
converge to collectively shape events and their subsequent artifacts.
By combining conventional making practices with interdisciplinary
approaches focused on growing as a mode of designing-with, we
engage with the contingency of growing tessellations: a living
design process that entangles the diverse processes of craft-based
making, digital fabrication, and biofabrication, as well as their
corresponding techniques and tools (Figure 3).

Lines to Knots

As a basis for our synthesis of entanglements and growing
tessellations, we consider craft-based making, digital fabrication,
and biofabrication as distinct processes, or separate “lines.” Each
exists with its own assemblage of techniques and tools, and thus
distinct approaches and perspectives. Nonetheless, there are also
commonalities that tie these practices together and thus lie at the
core of the project structure.

Craft-Based Making

We define craft-based making as a material-driven endeavor that
requires a practiced skillset and is necessarily characterized by
motion, physical interaction with materials, and form-making
(Adamson, 2007; Sennett, 2008). A crafted artifact “reveals both
the material and the maker simultaneously” (Adamson, 2007, p. 95)
and serves as the reification of a cycle of circular metamorphosis
that involves construction, reflection, and subsequent opening up
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Figure 3. Practices entangling:
amidst craft, digital- and biofabrication, “growing tessellations” provides concrete objectives and methodological framework.

(Ingold, 2015; Sennett, 2008). Craft-based making also entails
movement towards a form that is not predetermined and therefore
unpredictable: a “workmanship of risk” (Pye, 1995/1968, p. 20).
Regardless of the form it takes, craft represents an ongoing and
ever-transitioning interaction between maker and material, one in
which meaning emerges from material engagement. Therefore,
in craft, “thinking and making are soluble with one another”
(Dormer, 1994, p. 33).

Digital Fabrication

Though similar to craft in that it is dynamic and form-making,
digital fabrication depends upon machinery “that is the
intersection of the digital and non-digital” (Andersen, Wakkary,
et al., 2019, p. 32). Software or code acts as an intermediary
between maker and machine, whether the medium is 3D printing
or CNC machining. While preconceptions of digital as mere
automation are rapidly changing and making way for novel
fabrication methods (Andersen, Wakkary, et al., 2019; Fossdal
et al., 2023), the machine remains a vital and requisite element
of the form-making process. Many cases in digital fabrication
focus on executing a predetermined form with precision, although
there are exceptions that tap into the vast potential for exploratory
designing with machines (e.g., Goveia da Rocha et al., 2021;
Zoran & Buechley, 2013). The latter approach shares many traits
with craft and often combines the two both methodologically and
ideologically (Andersen, Goveia da Rocha, et al., 2019; Barati et
al., 2018; Devendorf et al., 2020). Notably, the notion of “digital
craftsmanship” foregrounds the collaborative interplay between
human makers and machines as a means of bridging craft and
digital fabrication (Andersen, Wakkary, et al., 2019, p. 34).
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Biofabrication

Biodesign broadly refers to the integration of living organisms
into the design process to enhance the functional and/or aesthetic
qualities of the final artifacts (Gough et al.,, 2021; Myers &
Antonelli, 2018). Related to biodesign, biofabrication includes
practices of “fabricating with biology” (Lee et al., 2020, p. 14).
What distinguishes biofabrication from craft or digital fabrication
is its reliance on living organisms, which have specific growth
requirements and implications. This introduces unique stages
into the biofabrication process, such as inoculation, growth,
maturation, and harvesting. Typically conducted in dedicated
laboratories or biolabs, biofabrication extends making activities
beyond the traditional studio setting and requires
protocols to ensure safety and prevent contamination by other
microorganisms. Despite these specifications, biofabrication

strict

shares notable synergies with craft and digital fabrication: for
instance, to produce sculpted or digitally-fabricated molds (e.g.,
Gough et al., 2023) and scaffolds (e.g., Zhou et al., 2021), and
to post-process and shape biofabricated materials using craft
techniques and digital technologies (e.g., Bell et al., 2023). The
unpredictability of form and the importance of dialogue between
the designer and the material are common traits in biofabrication,
particularly when approached in an exploratory manner.

Entangling Processes

In our view, the overlaps amongst each of these processes are
highly relevant to the notion of entanglement. On a practical
level, craft, digital fabrication, and biofabrication all share
a reliance on material engagement, the objective of form-
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making, and wayfinding through negotiation as a requisite
condition for progression. More abstractly, they also represent
methods that align closely with both practice-led research and
more-than-human approaches to designing. They follow an
unknown path rather than selecting a predetermined route, and
their nature is thus more about attention than intention (Goveia
da Rocha et al., 2022; Ingold, 2013, 2015; Tsing, 2015). If “lines”
are processes, then “knots” are instances in which those processes
intertwine, and this is fundamental to entanglement. Lines must
ultimately tangle up with other lines, creating a meshwork of
knots that illustrates entwining as a durable condition: a drawing
together or correspondence that is always in process (Ingold,
2014; 2015). Through correspondence, process transforms into
inquiry, and through making, inquiry translates to attention: an
openness to happenings beyond the maker and a willingness to
mediate between diverse actors. Knots in this sense can be seen
as veritable footsteps along that path, flexible and in flux, but also
retaining their particularities and recalling their linear origins.

Knots as Wayfinders for Becoming

We turn to Ingold’s entanglement and Alexander’s living design
process in order to understand the process of growing tessellations
as a negotiation among diverse actors, practices, and tools. Craft-
based making, digital fabrication, and biofabrication are distinct
“phenomena with their sets of apparatus” (Barad, 2007, p. 128),
but the negotiations that occur in their entanglements present
opportunities for emergence. Understood as domain shifts
(Sennett, 2008), these are instances in which the application
of specific expertise to diverse processes yields unexpected
innovations (Rietveld & Kiverstein, 2014). In our view, domain
shifts are moments of negotiative potential: knots defined by the
intertwining of processes—the entanglement of lines—with the
ability to transcend their individual capabilities and affordances.
We define these particular knots as events because they are
characterized by the convergence of processes, perspectives, tools,
and techniques, and their entanglement is capable of facilitating
change on both individual and collective levels (Whitehead,
1979/1929; Wilkie, 2018).

In events marked by entanglements, an artifact is a “local
resonance in a reality composed of intersecting events” (Roberts,
2014, p. 977), encompassing not only a physical object but also
the diverse constituents that intertwined to create it. In this way,
artifacts are both mediated upon and mediators for ongoing events
(Stahl et al., 2022; Wilkie, 2018), regardless of their state of
completeness. We therefore consider both intermediate and final
artifacts as keystones for identifying design events, in that they
reify the notion of diverse entities entangling to produce novel
insights. To trace an artifact is to distinguish an event from an
ongoing process (Wilkie, 2018) or to perceive knots from the
meshwork of lines. In growing tessellations, our artifacts range
from molds, customized tools, and documentation to in-progress
samples and static prototypes, and their function is to provide
access to the tangled essence of the events that produced them.
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Methodology

This project was designed with a flexible structure that anticipated
a workflow but remained adaptable, as determined by ongoing
design events. Detailed documentation, as well as weekly team
meetings, were thus essential to our methodology. This is reflected
in a collectively developed project flowchart, which served as a
living document that changed as the project progressed (Figure
Al). Each weekly meeting provided a point at which to pause and
“make space”: to consider the progress of the prior week, review
artifacts, and discuss actions as determined by the negotiations
we had observed. Therefore, analysis of design events and the
documentation thereof became an active part of the process that
prompted reflection and guided ongoing events (Bardzell et al.,
2016; Dalsgaard & Halskov, 2012).

While we were working towards an ultimate objective
(growing dynamic tessellations with mycelium composites), the
nature of zow we would achieve that aim remained in flux, and we
could not foresee where impactful design events or moments of
negotiation would occur. Accordingly, the structure and function of
our documentation had to be holistic by design. We implemented
methods that would capture diverse snapshots of both processes
and artifacts: laboratory notes (Figure A10), a shared project diary
(Figure A3), a comprehensive sample catalog (Figure A4), video
footage (Table Al) and photographs (Figure A9) of laboratory
procedures and samples, and a series of workflow instructions for
project activities as they developed.

These varied forms of documentation then became
intermediate artifacts in themselves and served as fundamental
informants in the design process. From this extensive body
of documentation, we employed two methods of analysis: 1)
reconstruction of the design process through intermediate and
final artifact analysis, with particular attention to the transitions
between artifacts and the ways in which their making became part
of the ongoing process; and 2) development of a methodological
tool used to identify, map, and synthesize key events in order
to discover patterns and collective insights that aided us in
abstracting our process. In the visualization, lines represent
different processes (digital fabrication, biofabrication, and
craft-based making). Round images represent event activities
in which these processes intertwine, and artifacts and iterations
appear as square images and parenthetical notes to the right of the
lines (Figure 4; also see the larger version, Figure Al).

The reconstruction process took place over the course of
multiple team meetings, during which photographs and video
footage were reviewed, as well as artifacts and tools integrated
into discussions. Prior to these meetings, laboratory notes were
analyzed for key concepts, including moments of noticing, process
adaptations, and the introduction of new procedures (Figure A11).
This allowed us to identify and “relive” central design events
in the larger context of the completed project. In addition, the
visualization tool guided us in identifying design events and the
corresponding negotiations involved in their occurrence, while
serving as a visual means of navigating entanglements.
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Figure 4. The methodological tool maps key events by visualizing entanglements and their “knots.”
A larger version of this visualization is included in the Appendix (Figure A1).

Making Methods

In this research, our objective was to explore—both concretely
and conceptually—the notion of growing tessellations: firstly,
whether a conventionally folded or assembled structure could be
grown through methods reliant on the contributions of diverse
constituents; and secondly, how a close examination of the design
process integrating these varied constituents might be abstracted
to provide a framework for interdisciplinary designing.

We begin with brief background information about
the project parameters, after which we present first-person
perspectives of three design events excerpted from our process.
These events were chosen as representative of the shared design
process that characterized the project as a whole, and they are
accompanied by a supplemental materials appendix that further
documents our activities.

Project Parameters

Mycelium consists of networked hyphae, which serve as the roots
for fruiting mushrooms, and it is characterized by interlacing
tendrils that produce a homogeneous—and surprisingly
resilient—"“fuzzy” white layer (Figure 5). In a laboratory setting,
mycelium can be cultivated from mother cultures and introduced
into substrate materials that provide it with the necessary
nutrients. These mycelium-substrate composites can, in turn, be
molded into desired shapes, providing myriad possibilities for
design applications. Mycelium has been used to create modular
blocks for building construction (Abdelhady et al., 2023), interior
design tiles for decor and soundproofing (Karana et al., 2018),
alternatives to leather (Amobonye et al., 2023), and protective
packaging material (Madusanka et al., 2024), to name just a few
recent case studies.

(b)

Figure 5. Mycelial root systems or hyphae:
(a) forming a white “fuzz” on carded hemp fibers, and (b) the same structure under the microscope.
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The ability to shape mycelium, combined with its flexible
structure when cultivated homogeneously, makes it a particularly
well-suited material for growing dynamic tessellations. However,
the choice was not purely mechanical. Aligning with the relational
nature of affordances as materials potential (Barati & Karana,
2019), our unique backgrounds as practitioner-researchers played
a crucial role—bringing together the knowledge and skills of
working with mycelium in the lab as well as crafting with plant
fibers and alternative sources of cellulose (an ideal substrate
for mycelial growth). The intertwining of expertise enabled a
prospective search for commonalities amongst materials, practices,
media, and techniques that pushed beyond practitioners’ intuition.
Taken together, the authors’ situated knowledge and the bridging
role of mycelium allowed for a sharper analytical focus on
emergent possibilities arising from the entanglement of our shared
capabilities, materials included (c.f., Barati & Karana, 2019).

Different strains of mycelium exhibit diverse behaviors, and
material benchmarking led to the selection of Reishi (Ganoderma
lucidum) as our primary species. Reishi grows reliably in the
laboratory (Stamets, 2005), bonds successfully with various
substrate materials, including cellulosics (Sayfutdinova et al.,
2022), and is amenable to structural manipulation (Cotter, 2014).
In addition, as practice provided a foundation and condition-setting
operation for this work, we selected two methods of creating
mycelium composites that would be grown into tessellations: 1)
papermaking with mycelium, which provided a strong connection
to craft and human-driven efforts, and 2) molding natural cellulose
fibers, which relied primarily on mycelial labor. For both methods,
we selected the Miura tessellation, a relatively straightforward
corrugation that nonetheless demonstrates enhanced kinematics
and flat-foldability (Figure 6).

(@)

¥
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Figure 6. Miura examples: (a) structure folded from paper; (b) Reishi growth on fiber substrate.
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Design Events

Our criteria for selecting events were as follows: 1) diverse
processes becoming entangled into “knots”, 2) entanglement
creating conditions with potential for processes to transcend their
conventional capabilities, and 3) artifact(s) produced by the event
reifying the notion of processes entangling. We believe that the
three design events excerpted here represent the entangling of
intentions and agencies (human and more-than-human) across the
scope of the project. While these events are depicted separately,
it is essential to note that processes and intermediary artifacts
have impacts that extend beyond individual moments or stages:
the nature of a living design process necessitates attention to the
ongoing significance of each event.

Papermaking with Mycelium

There is perhaps no better example of the benefits of combining
(seemingly) disparate processes than papermaking with mycelium.
Initial testing showed that prefabricated paper sheets inoculated
with mycelium produced uneven growth, underscoring the need
to create a homogeneous mixture of pulp and mycelium inoculant,
as well as to adapt the papermaking process for mycelium. At the
outset, we taught each other our respective crafts: trading expertise
as we shared how to prepare mycelium mother cultures and inoculate
substrate, and how to process cellulose pulp and pull paper sheets.
However, entangling mycelium cultivation with papermaking
posed numerous challenges from the start. Mycelium requires
a sterile inoculation environment and is particularly sensitive to
moisture during the growth stage. Laboratory inoculation takes
place inside a contained ventilator, which maintains airflow while
minimizing the possibility for contamination. Papermaking, on
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the other hand, tends to be an expansive process that flows freely
between pulp beater, water basin, and press. Combining the two
required a collective rethinking of conventional techniques,
necessitating an approach—a negotiation—that could move
beyond solely biofabrication or craft (Figure AS).

Within the larger design event, the first “knot” involved
developing a solution for inoculation (Figure 7). After less
successful attempts with mixing pre-prepared liquid mycelium
into pulp, we chose to craft our own liquid inoculant, enabling us
to address the requirements of both papermaking and our living
material: specifically, achieving a condensed yet homogeneous
distribution of inoculant and pulp in water, while responding
to the mycelium’s need for additional nutrients in a high
moisture environment.

After experimenting with potato dextrose and flour as
potential nutrients, our final liquid medium consisted of seeds
inoculated with a Reishi mother culture and a slurry made
from bamboo fibers and xanthan gum. This proved to be fluid
enough to thoroughly mix with cellulose pulp while remaining
stable enough to concentrate the mycelium and nurture its
growth. As we would later find, this negotiation between actors
and processes also led to an unexpected “transcendence”, or
the ability of entangled processes to move beyond their own
isolated capabilities. Mechanical testing of our mycelium-paper
tessellations demonstrated heightened elasticity and fracture
toughness, as compared to non-inoculated sheets made under the
same laboratory conditions (Figure A12; Figure A13).

Our next step was to use the inoculated pulp to create
sheets through which the mycelium would grow into tessellated
structures. In papermaking, the mold and deckle are submerged in
a diluted pulp-water mixture, resulting in a distribution of fibers
that are drained and removed from the screen. These fibers are then
pressed and dried to form sheets. Early prototypes of our mold and
deckle for mycelium sheets utilized a traditional wooden frame
and cloth mesh, as well as a pour-mold style construction (Figure
A6). These efforts were guided by papermaking standards and
reflected minimal biofabrication input. We soon discovered that
the resulting sheets were not only too wet to support mycelium
growth but also highly susceptible to contamination. In response,
we speculated on the needs of mycelium and how we might
better address them: the mold and deckle should be sterilizable
to avoid contamination, deconstructable to ease the removal of
newly-pulled sheets in a small workspace, and inclusive of a
solution for mitigating excess water retention.

We then turned to digital fabrication to create a custom set
of tools that met these concerns. Aluminum and stainless steel
were used to construct a sterilizable mold and deckle that easily
released the screen, allowing for the removal of pulled paper
sheets. The deconstructed pieces could be cleaned and sterilized
more efficiently, and a set of custom-cut polyethylene mesh sheets
provided sterilizable surfaces that could be sandwiched to remove
excess water. This assembly represents an instance where digital
fabrication techniques merged with biofabrication and craft
sensibilities, creating an entanglement that led to the development
of new tools and techniques.
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Figure 7. Papermaking event: closeup of the visualization tool.
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Preparing Bast Fiber Substrates

Numerous studies have shown that mycelium proliferates in
natural plant fiber substrates (Cotter, 2014; Geris et al., 2023;
Stamets, 2005), which guided our selection of bast fiber (industrial
hemp) as a substrate material. Bast fibers are exceptionally long
and resilient, and thus ideal for creating both durable textiles
and paper with increased tensile strength (Abdelhady et al.,
2023; Kaéridinen et al., 2020). Hemp in particular is also one of
mycelium’s preferred substrate materials (Elsacker et al., 2019).
The selection of industrial hemp for this purpose was therefore
a negotiated choice: our combined knowledge of cellulose
applications in craft and mycelial growth conditions, entangled
with the importance of choosing a substrate that would give
mycelium a chance to play a central and requisite role in the
formation of tessellations (Figure 8). However, this negotiation
was just the first of many that enabled the success of the substrate.

Our first iteration of preparing the fiber substrate involved
shaping raw fibers into square “sheets”, boiling them for sterilization,
then inoculating with a syringe of liquid medium—a standard
procedure in biofabrication. The result, however, produced uneven
mycelium growth that stalled after several days of incubation and
showed signs of contamination. We then reflected on how we might
utilize craft and alternative biofabrication techniques to better
align with the needs of mycelium as a living material. Following a
model of co-speculation (Wakkary & Oogjes, 2024), we reviewed
our prior documentation and discussed potential conditions under
which mycelium might respond best. The proposed solution
involved three adaptations: 1) carding fibers prior to sterilization
(a textile processing technique that unidirectionally brushes fibers
while removing impurities); 2) autoclaving rather than boiling
for sterilization, with careful iterations of measured water levels;
and 3) using a manual massage technique to distribute the liquid
inoculant. Each of these adaptations presents a “knot” or moment
of negotiation within the larger design event.

As with papermaking, growing tessellations with hemp
fiber substrates required a convergence of craft and biofabrication
expertise. This design event captures a set of circumstances that
we believe is integral to negotiation and transcendence: domain
shifts that contribute to adopting openness and new perspectives,
interconnected design events that collectively produce a living
workflow, and production of intermediary artifacts that embody the
actions of the design event. The fluidity and iterative/cumulative
nature of these events, in our assessment, is what enabled the
success of the “final” artifacts, or grown tessellations. However,
equally significant are the intermediary artifacts themselves, as
they not only represent entangled design events but also serve as
tangible points of access for examining those entanglements.

Constructing Tessellated Molds

In the project, constructing molds to form the Miura tessellations
provided one of the richest opportunities for negotiating among
actors and processes. Both inoculated paper sheets and carded fiber
substrates were placed into the matrices we created, allowing the
mycelium to grow into dynamic, three-dimensional tessellations.
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Figure 8. Bast fibers event: closeup of the visualization tool.

International Journal of Design Vol. 19 No. 3 2025


http://www.ijdesign.org

Digital fabrication techniques were invaluable for this process,
and we utilized two types of matrix-style molds with conjoining
top and bottom elements: 3D-printed molds made with PLA and
laser-cut molds made with Vivak. The initial prototypes for each
mold were created with standard digital fabrication guidelines in
mind, including the preservation of material and optimization of
the 3D printing process. It became clear, however, that the molds
needed to be designed with input from both biofabrication and
craft perspectives to produce amenable conditions for mycelium,
as well as to support the tessellated structures we hoped to grow
(Figure A8). Early 3D-printed molds were too light to press the
growing mycelium sufficiently, and the Miura unit cells were
overly shallow, inhibiting elasticity and dynamic growth in the
resulting structures. Creasing the laser-cut Vivak into Miura
patterns proved untenable unless thicker material and heat were
applied, and the thicker material in turn suffocated mycelium
growth. In the context of a shared design process, these “failures”
were, in actuality, moments of opportunity to reflect on how tools,
techniques, and perspectives could entangle, rather than forcing
the considerations of one domain onto the others (Figure 9).

Thismeantreassessing how we could utilize digital fabrication
techniques in ways that would accommodate biofabrication and
craft concerns, or performing reflection-based wayfinding. In
the case of laser-cut molds, we ultimately selected an ultra-light
Vivak material that was vector marked (a shallower laser-cutting
technique) with the Miura crease pattern. With pre-creasing, these
molds could be collapsed by hand into the Miura structure, and they
not only remained dynamic, but were also capable of expanding
or compressing to correspond with the mycelium’s preferences
for air flow and moisture. Thus, the final laser-cut molds represent
another instance of diverse domains entangling to transcend the
capabilities of each on its own—as well as the vital role of noticing
and negotiation in material entanglements.

In iterating the tessellated molds for mycelium, knowledge
from digital fabrication, biofabrication, and craft-based making
was invaluable. Digital fabrication skills provided a foundation
for fluency with 3D printing and laser-cutting. However, expertise
with bio-based materials brought clarity to the materiality
aspect of the molds and mycelium’s needs and preferences in
overly moist or too tightly sealed environments. Additionally,
craft insights informed the creasing of Vivak into tessellated
patterns, in which knowledge derived from origami practice
enabled successful adjustments. Mold-making in this context thus
transcended digital fabrication as a standalone process. Through
the entanglement of processes, new types of dynamic molds
were created, ideally suited for the biological needs of mycelium
growth and the geometric precision of tessellated structures.

Discussion

We define and substantiate the concept of growing tessellations
as the entanglement of diverse processes that, when combined,
result in novel approaches to designing and making. Our
conceptualization demonstrates how the conventional capabilities
of each process—craft-based making, digital fabrication, and
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Figure 9. Molds event: closeup of the visualization tool.
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biofabrication—are transcended, leading to new insights and
the creation of novel intermediary and final artifacts. This
entanglement allows us to clearly observe and describe the
negotiations of processes and practices, as well as the emergent
properties that arise from such a drawing together (Ingold, 2014).
By defining design events as knots formed from the intertwining
of processual lines, we provide a tangible method of “untangling”
these interactions and abstracting them at a conceptual level.
Our analysis of the making process reveals that, alongside the
development of interdisciplinary knowledge, new tools and
techniques emerge, and the resulting artifacts capture these
becomings. Artifacts serve as markers of a living design process,
in which design is seen as an ongoing, fluid action (Ingold, 2014),
with wayfinding guided by the interwoven influences of what has
come before (Alexander, 2002b; Whitehead, 1979/1929). In other
words, something becomes known only through its interaction
with other things (Stahl et al., 2022).

In the following sections, we discuss how this framework
informs and expands our understanding of the negotiations
that occur among various actors and processes in the act of
designing-with. Furthermore, we propose that the combined
forces of designing-with and practice-led research enable a new
formulation of interdisciplinary design practice: namely, making-
with. By delineating how interactions shape and transform the
roles of both human and nonhuman makers, we propose that more-
than-human collaborative making expands the notion of practice,
allowing for innovation and insight. Additionally, we emphasize
the importance of intermediary and final artifacts that prompt
reflection—both as products of design events and as mediators
for further action. We emphasize the emergent function of these
artifacts as “boundary objects” (Star & Griesemer, 1989), as they
embody the specificities of each process and the negotiations
required to integrate them. Finally, we return to the notion of
dynamic tessellations as a conceptual analogy for interdisciplinary
design practice, underscoring the broader implications of our
work. To this end, we discuss our visualization tool and draw on
excerpts from the project’s extensive documentation and analyses
(see Appendix) as concrete contributions toward supporting the
transfer of knowledge to other practices and materials.

From Mediation to Negotiation

The maker’s role as a practitioner is often understood as one of
mediation—carefully navigating techniques, skills, and materials
to produce an outcome that is not entirely known at the outset
(Adamson, 2007; Dormer, 1994). In conventional understandings of
practice, the maker is ultimately “in control” of the process, although
uncertainty and risk are inherent in collaborating with materials and
tools (Pye, 1995/1968). Throughout this project, we aimed to move
beyond conventional understandings of practice by integrating
living materials and digital fabrication tools into our processes
and responding to those non-human makers through reflection and
negotiation. In other words, we set out to intertwine actors and
processes, to tangle up the lines of what might be seen as disparate
areas of inquiry. Negotiation, in line with Ingold’s (2013) argument
that making should be a morphogenetic procession, is an opening
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up of feedback and dialogue amongst materials, tools, fabrication
methods, and human and more-than-human actors. It can change
these actors and shape ongoing processes, while respecting the
characteristics and needs particular to each constituent. Successful
negotiation is able to transcend the conventional capabilities of any
one actor or process on its own, and this transcendence is what we
sought to capture in our design events.

Noticing, Sympathizing, Opening

The act of negotiation shifts the emphasis from processes to
necessarily considering actors. Whether human or more-than-
human, actors are driven by an inherent purpose situated in their
particular environs, histories, and intentions (e.g., Haraway, 2020).
In simplified terms, mycelium requires a suitable environment in
which to grow, and digital fabrication machines require precise
codes and inputs with which to function. Entanglement, however,
creates instances of interaction in which actors and their contexts
tangle together: as lines, each retains its original form, but a
collectively constructed knot emerges—a converging of paths
rather than a merging of intentions—and this is where attention
and noticing play a vital role (Tsing, 2015). In our work, the knots
that comprise our design events embody this notion of noticing
and adapting. Furthermore, in a living design process, the act
of noticing and adapting makes space for the nodes of a “nested
system of local symmetries”, each developing holistically from the
other and resulting in a dynamic whole (Alexander, 2002b, p. 19).

Forms that entangle rather than assemble also allow room
for a crucial step in the act of negotiation: empathizing. To notice
is to observe the particularities relevant to each actor, and to
sympathize is to recognize their value, whether it be techniques,
tools, insights, or anything in between. Sympathizing creates a basis
for domain shifts (Sennett, 2008), or what Tsing (2015) suggests
can be productive cross-contamination—a necessary foundation
for interdisciplinary work. Alongside noticing, sympathizing can
produce a “deep-rooted engagement” (Spuybroek, 2016, p. 107)
amongst diverse actors in a flat ontology, or a space in which work
towards a common objective harmonizes otherwise disparate
perspectives (Spuybroek, 2011). We view this harmonizing as a
form of nudging that is requisite for negotiation and, ultimately,
the revelation of novel affordances (Barati & Karana, 2019). The
convergence of distinct processes such as craft, biofabrication,
and digital fabrication illustrates the progression from line to
knot, or from noticing to negotiating.

Implications for Designing-with

This unfolding of interactions is precisely how the design process
should happen differently in the context of designing-with. The
requisite steps of noticing, negotiation, and sympathizing, which we
collectively refer to as wayfinding, provide a concrete method for
unveiling novel affordances and pursuing a living design process in
which each action is a holistic outgrowth of the actions that preceded
it. When we see processes as lines, we experience their ability to
intertwine and the effects of those entanglements. This aligns with
the notion of viewing the world as a series of actions (Stéhl et al.,
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2022; Whitehead, 1979/1929), in which processes influence one
another and insights emerge through interaction. As boundaries
between processes blur, discoveries are made, and becomings are
put into motion. Negotiation is then the unifying force behind
artifacts, and designing clears the way for the design (Alexander,
2002b). An artifact is thus dependent not only on the events which
led to its inception, but also on the negotiation through which it
becomes. It is precisely this processual and reflexive approach that
constitutes a more holistic approach to designing, or a living design
process: one in which each actor and action (no matter how diverse)
aligns to create a multifaceted whole, and their alignment in turn
perpetuates that wholeness (Alexander, 2002b). This, then, is where
the views of Alexander and Ingold align: the whole produced by
a living process is an entanglement—a knot—that draws together
disparate lines to define how something is made and what its
making signifies for the greater whole.

Negotiation has implications for designing-with in that it
inherently creates a shift away from human-centered perspectives
in designing and making (e.g., Biggs et al., 2021; Loh et al., 2024,
Nicenboim et al., 2025). Negotiation is not limited to reflection by
the human designer, but rather opens the human designer to deeper
dialogues with materials and processes from other domains,
emphasizing attention rather than intention (Ingold, 2014; Tsing,
2015), and creating space for emergence as a basis of becoming
(Aktas & Mikeld, 2019). The act of negotiation becomes a catalyst
for acknowledgement—and yet further, comprehension—of the
value that non-human actors bring to a living design process,
while providing a method of looking beyond human tendencies
through tangible collaboration with diverse actors. In our case,
growing tessellations is made possible through the discovery
of novel affordances that transcend conventional capabilities,
and this cannot be achieved without an equal recognition of the
contributions of humans and non-humans alike.

Artifacts as Boundary Objects

The nature of a design event is that its origins form a prehension of
actions which, synthesized together, return to an ongoing process
in the form of artifacts and/or insights (Roberts, 2014; Whitehead,

B¢ www.ijdesign.org

L. Mahler and B. Barati

1979/1929; Whitehead, 2022/1919). In our design events,
individual processes could not act alone: artifacts were developed
from the convergence of digital, biological, and craft-based
insights, but those artifacts then went on to shape further processes.
These artifacts both represent entanglement and promote further
entanglements, and thus they can be characterized as boundary
objects (Bowker & Star, 2000; Star & Griesemer, 1989).

Intermediate Artifacts

Tessellated molds, project diary entries, laboratory notes,
constructed tools, and weekly reports: each represents a type of
intermediate artifact that is both an object of entanglement and
a fundamental contributor in the ongoing process of growing
tessellations. Because these intermediaries are the result of
negotiations, they provide tangible entities through which the
entanglements of actors and processes can be observed and
understood. In growing tessellations, these artifacts signify design
events in which diverse processes came together—and thus
moments with the potential to reveal novel affordances. Through
analysis, their embedded learnings can return to the design process,
serving as the origins of future events and intermediaries. Because
they reflect the particularities of each actor who contributed to
them, as well as achieve a “shared common identity” (Bowker &
Star, 2000, p. 298), they operate as boundary objects.

Artifacts as Outcomes

Upon the project’s completion, we had developed a collection
of tessellations using both mycelium paper sheets and carded
fiber composites (Figure 10). While these outcomes serve as
proof of concept for developing alternative methods of crafting
tessellated structures, they also represent concrete manifestations
of negotiations in design events. Yet further, each “final” artifact
is a synthesis of entanglements in action, thus a boundary object
in its own right.

We believe that these artifacts can be differentiated from
intermediaries in that they facilitate boundary work, or the ability
to generate knowledge at the boundaries between discovery

v,
Figure 10. Grown tessellations: artifacts with mycelium/hemp (top row) and mycelium/pine (bottom row).
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processes and their outcomes (Elo, 2018; Rheinberger, 2018).
In this sense, the “final” artifact is a necessary component in
formulating concepts that may be abstracted to alter or develop
design methods. Growing tessellations is a concept focused on
the nature of designing, but grown tessellations allow for the
emergence and concretization of that concept.

Implications for Interdisciplinary Research

In the introduction, we proposed that origami tessellations offer
a conceptual analogy for the challenges designers face today. As
dynamic structures, folded tessellations rely on both parametric
inputs and emergent local behaviors, reflecting the complex work
of designing as a shared process: one in which diverse constituents,
techniques, and perspectives perform ongoing acts of negotiation.
Tessellations in this context are themselves negotiations, and by
introducing both living materials and digital fabrication into their
development, we illuminate the negotiative exchanges inherent
in domain-shifting practices. Our work, therefore, has direct
implications for interdisciplinary design research on two levels:
1) providing a case for fostering negotiations in designing through
reflection and analysis of intermediate and final artifacts, and 2)
introducing a methodological tool developed during our process: a
visualization of entanglements that can be applied to a broad range
of cases (Figure Al).

In developing our visualization of entanglements, we
focused on distinct process—craft-based making, biofabrication,
and digital fabrication—as separate lines whose knots are
manifested by intermediary and final artifacts. However, the
applicability of this tool goes beyond the processes presented
here and offers a relevant working method for the broad spectrum
of interdisciplinary design-driven research. The diagramming of
lines and knots provided us with a way of intentionally reflecting
on the design process as it unfolded. By integrating elements of our
documentation into the visualization (photos, sketches, iteration

notes, etc.), we were able to actively identify design events and
integrate the lessons learned from the artifacts produced along
the way. Our “knots” served not only as progress markers, but
they also became stimulating, occasionally challenging, and
often joyful moments of acknowledgement and collaboration.
Furthermore, in recreating our design process with the aid of this
visualization tool, we were able to discern a circular progression
illustrative of the living design process: 1) domain shifts lay the
groundwork for design events, which were characterized by 2)
entanglements of diverse actors with the potential to produce 3)
boundary objects in the form of intermediary artifacts, which then
returned to the 4) ongoing flow of events.

To further illustrate the connection between documentation,
entanglements, and analysis within interdisciplinary design
practice, we include an appendix that excerpts our documentation
methods and results. In this way, the appendix is a vital part of
our contribution, providing a guide for applying our framework
to diverse cases of designing. From our positioning, we propose
two points of entry for opening up and transcending in design
practice: firstly, pursuing affordances of a specific type (in our case,
growing rather than folding tessellations), and secondly, identifying
and analyzing events that lead to affordances (the knots and
entanglements presented in our visualization tool). The appendix
provides concrete examples of both methods and thus serves as a
model for how documentation can manifest an empirical yet fluid
approach to process that enables novel affordances (Figure 11). By
treating documentation as an intermediary artifact, it becomes an
integral part of the living design process, creating a foundation for
adapting the visualization tool to varied cases and circumstances.

Our objective in this project was to demonstrate a
method of structured observation that nonetheless remained
open to fluidity and emergence. While our shared expertise lies
in specific areas of craft, biofabrication, and digital fabrication,
the concept of “growing tessellations” transcends these domains
by framing interdisciplinary design as a mesh in which key

By integrating holistic documentation methods into a living design process, events and their corresponding affordances can be identified
and analyzed. Pictured here is the process of adapting papermaking for mycelium through the crafting of new tools as a response to
mycelium’s needs and preferences.
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events entangle actors and processes with the potential to
generate novel affordances. As such, “growing tessellations”
provides a methodology for navigating interdisciplinary projects
by identifying and bracketing events where the boundaries
between craft, technology, and biology blur—regardless of the
specific craft techniques, digital tools, or materials involved. It
redefines expertise as fluid, context-dependent, and continually
reshaped through negotiations among diverse processes and
actors, both human and nonhuman. In doing so, it expands
prevailing understandings of expertise in interdisciplinary
contexts by proposing a mode of working in which negotiation
provides a foundation for comprehending the needs and potential
contributions of all constituents. These intertwinings, in turn,
create conditions under which novel affordances can emerge.
Within the design discipline, there is a growing eagerness
to pursue interdisciplinarity and explore more sustainable, bio-
based materials. At the same time, designing-with proposes
novel approaches to living materials and technologies as
active participants (Giaccardi & Redstrom, 2020). In the work
presented here, we synthesize practices relevant to both fields:
biofabrication, digital fabrication, and craft-based making. We
believe that practice-led research and designing-with have much
to learn from each other (e.g., Aktas & Maikeld, 2019; Lin et al.,
2024; Liu et al., 2019). Together, their entanglements—in the form
of making-with—demonstrate the potential to form collaborative
design spaces with more-than-human actors, achieve innovations
through transcendence of conventional capabilities, and produce
dynamic artifacts that manifest the principles of negotiation.

Limitations and Future Work

The exploratory project presented here aimed to explore the
synergies between practice-led research and designing-with,
through the potentialities of tessellations as both concrete
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Figure 12. Regeneration: (a) air-dried mycelium composite; (b) new growth after re-incubation.
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and conceptual structures. Our objective was to investigate
an interdisciplinary design process as entangled, negotiative,
and living. In doing so, we explored the viability of growing
tessellations with mycelium composites rather than relying on
conventional methods of folding or assembly. The planning
and structure of the project allowed for preliminary exploration
with the possibility of future expanded research. The objective
was therefore not to provide comprehensive characterizations
of the tessellated artifacts themselves, nor to conduct thorough
experiential and qualitative testing. Rather, our focus was the
development of methodological tools for interdisciplinary
designing through event analysis, a visual means of entanglement,
and reflection on our own practice. As a result, significant issues
surrounding care and the implications of working with living
materials (e.g., Camere & Karana, 2018; Groutars et al., 2024;
Ooms et al., 2022), as well as the pursuit of technical innovation
in fabricating tessellated structures, necessarily lie beyond the
scope of this paper.

From an artifact characterization standpoint, many of
our learnings warrant future research in grown tessellations—in
particular, the feasibility of introducing more sustainable (bio-
based) materials into the functionality of origami tessellations, the
increased performance of mycelium as demonstrated by mechanical
property testing (Figure A12; Figure A13), and the potential for
structures that exhibit regenerative growth (Figure 12).

In terms of abstracting our concept of growing tessellations,
we believe that the methods presented here can and should be
applied in diverse design contexts, and that expanded use of
the framework can reveal deeper insights about designing and
collaborating with human and more-than-human constituents.
Our visualization tool and documentation methods can, in
turn, serve as a guide for mapping interdisciplinary projects
with an emphasis on design processes that incorporate diverse
perspectives and practices.

F
ﬁ ; (b)

il
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Conclusion

This paper presented the concept of growing tessellations with
mycelium composites as a practicable framework for making-with
in interdisciplinary contexts. Our objectives in pursuing this research
were threefold: 1) to present a detailed account of our living design
process combining biofabrication, digital fabrication, and craft-
based making; 2) to investigate intermediary and final artifacts
as boundary objects that both result from and engender acts of
negotiation; and 3) to propose a methodological tool used to identify,
map, and synthesize key events, actors, and processes. In the pursuit
of these objectives, we proposed negotiation and the discovery of
novel affordances as essential elements of a living design process.
Our approach was informed by the theory of entanglement, as well as
the concept of domain shifting. We employed Ingold’s terminology
of meshwork, lines, and knots to clarify our understanding of design
events. Within this meshwork, the processes of biofabrication,
digital fabrication, and craft-based making provided lines to follow,
with their convergences serving as events to untangle. By closely
analyzing events through their subsequent intermediary artifacts, we
identified a mode of wayfinding—noticing, sympathizing, nudging,
and negotiating—through which the capabilities of any one given
actor or process could be transcended. Indeed, it is the very nature
of becoming as a series of negotiations that we argue is requisite for
a reimagining of how we go about designing with diverse actors,
practices, and techniques.
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Appendix

The purpose of this Appendix is to provide a guide for both project
planning and documentation methods in interdisciplinary cases
of designing that integrate diverse practices and expertise. As
such, the diagrams and documentation excerpts included here not
only enrich the processes and arguments developed in the main
text, they also serve as examples of holistic documentation in
practice-driven research, including techniques, tools, and analysis
methods. Throughout the Growing Tessellations project, we
utilized documentation as an intermediary artifact: it supported
our ongoing identification and analyses of design events, informed
decisions about project direction, and aided in identifying and
navigating negotiative opportunities. It is our hope in sharing
these excerpts that they illuminate with concrete examples how
one goes about pursuing a framework of “growing tessellations.”

The Appendix begins with a larger version of our
visualization tool, which we used as a means of identifying
and analyzing key events over the course of the project. By
reconstructing our experiences and illustrating the knots and
entanglements of each event, we were able to move from
materials to novel affordances through acts of negotiation. While
our backgrounds and specializations focused on specific areas
of craft-based making, digital fabrication, and biofabrication, it
is our belief that similar visualizations of entanglement can be
constructed to suit any case or circumstance that depends on the
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integration of distinct processes, techniques, and tools. Abstracted,
the visualization reflects our position that interdisciplinary
designing can and should be defined as a meshwork dependent on
the entanglements of diverse actors and agencies.

Following the full version of the visualization tool are three
sections: 1) process documentation, 2) documentation of design
events, and 3) analysis methods. The first section includes excerpts
of documentation collected over the course of the project (from
initial planning to final artifacts), with an emphasis on holistic
documentation of materials and processes. Excerpts are shared
on the one hand to provide additional details about our project
parameters, but on the other to illustrate the types and methods
of documentation used to capture the inherently emergent and
fluid nature of interdisciplinary designing. The second section
focuses specifically on the key design events described in the
main text, providing examples of documentation that were vital
to our identification and analysis of these events. Finally, the
third section includes examples of our analysis methods, ranging
from thematic analysis of laboratory notes to annotation of the
visualization tool and figures of quantitative data.

Methodological Tool

Identified design events were “untangled” by following the knots
that comprised them. Each knot is accompanied by a visualization of
the entanglement, process photos, resulting artifact, and iterations.
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Figure A1. Visualizing entanglements by mapping key design events over the course of the project.
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Process Documentation

Excerpts of documentation collected over the course of the
project, from initial planning to final artifacts. These excerpts are
shared to provide additional details about our project parameters,
but also to illustrate the types and methods of documentation

L. Mahler and B. Barati

Workflow Chart Samples

The project workflow remained flexible to accommodate the
ongoing discoveries of design events. The following diagrams
(Figure A2) show the transition from an early workflow
brainstorming to a more refined project structure.

used to capture the inherently emergent and fluid nature of
interdisciplinary designing.
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Figure A2. Flexible project flow: (a) flowchart from early brainstorming, and (b) later iteration.
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Project Diary Excerpts

Diary entries and sample catalog notes were written daily and documents as a departure point from which decisions about next
compiled weekly, then shared with the team prior to weekly steps were made.
meetings. Discussions about the project advancement used these

Optimization of sheetmaking process

+ Improvement with the sterile sheetmaking process,
including usable additive fibers, leaving sheets to “dry* in
the hood, and consistent measurements for pulp, water, etc

+ Excollant solution for storage and batter containars: Bahar's
grow tent with refrigerator containers - thank you Bahar!

Notes and observations

+ Attempted to autoclave dragon fruit extract to better see
growth, but discovared color is lost when autoclaved (in
both pulp and in liquid solution form)

+ Sheets feel and look much batter (moisture-wise) after
sitting in hood for 1 hour plus

+ 12 sheets sent to the grow tent - hopefully these will
yield some sofid results

Most

significant growth thus far is with the carded hemp fiber. This
growth is unfortunately not homegensus, but this is likely because
of the inoculation method; dipping or inoculation with a syringe
might prove to ba batter methods,

Dy 2 inoculation samples are somewhat disappointing, but also
provide a basis for rethinking/troubleshooting the process. | would
like to try “normal” sheetmaking with sterilized water, where liquid
eulture and intormixed in the water and 3 thinner (loss wet)
sheet pulled from that,

No signs of growth at all on the textiles. | mixed flour paste with
both and re-incoluated, and | will make more samples this week in
the Waarabla Senaos Lab 0 more tasting can be donc.

Schedule-wise, the shift away from separated growth stages means
there is more time to troubleshoot growth on the textile and
sheetmaking substrates, so that will be the focus this week

Parallel experiments with liquid media:

= Put excess pulp into two bottles, and three days later slight
growth is starting to show on the top surface

+ Static liquid culture continues 1o grow, despite being
bumpad and growth drowning (sevaral timar, alas)

Notes and observations

« Pulp separates from water when put in the incubator
(likell due to heat, similar effect when autoclaved)

= Curious to know how the myeelium will behave if shaken

and mixed with water for papermaking... also not sure

about the shelf-life of pulp in an incubator (refrigerated it

lasts about one week, usually just a few days room temp,

though these are not in sterile conditions)

Reishi liquid culture continues to thrive in the incubator

Carded fiber substrates growing very well

+ After approx. 9 days these samples had considerable growth
(Reishi) and a lovely leather-like texture; easy to remove from
the bag and form into mold

* First sample to be moved alrcady held the shape of the mold
after 24 hours

Notes and observations

+ Mycelium seems 10 prefer the autoclaved carded fibers

+ Initially the single layer fibers grew faster, though the double
layer samples ultimately had comparable growth

* Interestingly, carded fibers in the 3D malds (2 iterations) did
not grow well of hemogeneously

+ Also tested moving a “well-grown* sheet 1o the new 3D mold,
but will check progress of this sample of 21.05 (3D molds are
difficult to sae to track progress in the grow bag)

Regeneration testing started on one sample

- Selected a sample with half visibly less growth
« Air-dried for two days, then added sterile demi-water,
emphasizing the half that has less growth

Netes and observations

« Before adding demi-water, did thorough documentation of the
sample and misted it with alcohol, then lat it rest in the haod
for 20 minutes.

+ Unfortunately the hood was not available on Monday, and its
very difficult to 20 if any new growth is prazont - will check on
Tussday morning

There was good prograss this weak for mycelium sheetmaking

- Perfected both the pour mold and mold-and-deckle styles of
sheetmaking in the hoos

+ Consistently made homogenous, thin sheets - much better
than the second week

Notes and observations.

+ Golor is an issue: hard to see growth on white, so | tried
creating a subtle dye with nettle bast fibers and stems
(“nettle juice*) which makes the sheets beige-colored

+ Tried both larger (150x150mm} and mini (30x¥0mm)
sheets; both werk, though large is a bit trickier

- Tiied iterating inoculation methods here to see how
growth progresses: 1) syringe before squeezing out
excess water, 2) syringe after squeezing (2,5mL and SmL.
(see sample catalog notes), 3) liquid culture in pulpy
water, and 4) non-inoculated 1o test shaping in mold

Fine-tuning 3D modeling technique and preparation for 3D
printing + matrix pratotype

+ Production of an initial Miura matrix prototype
* Testing with new prototype + borrowed matrix (from Aalto)
* Learning ordering process and particulars

Notes and observations

- Fast draft 3D print is sufficient quality

+ Blender not ideal for precise measurements; used in tandem
with Fusion360 to create new matrices

+ Size of prototype worked well (130mm x 130mm), althaugh
set up the new mold at 150mm x 150mm for greater
flexibility; larger matrix does not fit in arow bag

* Ordered new prototype in black for better growth viewing

Selving the sheet creation conundrum —> how to create
inoculated sheets in a sterile environment:

+ Troubleshooting with traditional dip-style mold and deckle
+ Research and sketching for a pour mold prototype

+ Construction of a paur mold protetypa

* Construction of a "quickie” pour mald prototype

Notes and ebservations

* Wood is not ideal: hard to sterilize, plus the cheap frame
fell apart after a short time submerged in water

+ Metal grid/screen (ideally steel) is important for
sterilization and sheet fermation

+ Picture frame closure tabs work well to hold and release
screen, although their langevity may be questionable

* Will build a new mold on Wednesday with waterproofing

Assessmant of final sheatmaking samples and mold transfors

+ Last waek's shestmaking has producad soma nice (albeit
light) growth so far

« Moved all sheets to lasercut molds and will continue to
monitor growth

Notes and observations

+ Moving the sheets to molds proved to be a slightly more
complex process than expectad; moisture seems to be a vital
factor, as the watter sheets very easily tore during the transfer

= Thicker sheets allawed more elasticity when shaping te the mold

+ We tried one torn sample with “maximum” mold compression
(squeezed the mold tight and taped it to maintain tension, as
well as one sample in a 3D-printed mold for comparison

« Pressing the growth seemed to potentially harm its progress.
{mycelium came off on the plastic used for pressing); this was
done on all sheets but one

Carded fiber substrates growing very well

+ After approx. 9 days these samples had considerable growth
(Reishi) and a lovely leather-like texture; easy to remove from
the bag and form into mold

+ First sample to be moved already held the shape of the mold
after 24 hours

Notes and observations

* Mycelium seems to prefer the autoclaved carded fibers.

+ Initially the single layer fibers grew faster, though the double
layer samples ultimately had comparable growth

+ Interestingly, carded fibers in the 3D molds (2 iterations) did
not grow wall or hemoganagusly

+ Also tested moving a “well-grown® sheet to the new 3D mold,

but will check progress of this sample of 21.05 (3D molds are
difficult to see to track progress in the grow bag)

Figure A3. Excerpts from the project diary: daily notes were collected into weekly reports.
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Sample Catalog Excerpts

Sample catalogs were created at the beginning of the project and artifacts. In addition, the catalogs were used in weekly project
updated on a daily basis with observations about the variables, meetings to reflect upon and analyze the prior week’s developments
conditions, and growth developments of intermediate and final and determine best courses of action going forward.

SHEETMAKING SUBSTRATE
Sample # Strain Material Mold Nutrient

Notes

21.05: Checked this again today and disposed of - no growth at all, sheet is super
thick and still quite wet.

] 13.05: No visible growth here, although the sheet seems to staying okay together.
{ Lifted the mold lid very gently but was able to unstick it without disturbing the
sheet. Re-incoluated with more liquid culture (mycelium.be) and put back in the
incubator. Much less water content in this sample, though | am not sure why that
would be in comparison to the flat sheet of the same pulp... Would be really useful
to dye the white pulp, as any growth would be really difficult to see.

lasercut
dynamic

SG1-FLCO1 Reishi pine pulp flour

03.06: Checked remaining two samples today: no new growth since 21.05. Dis-
posed of these samples today.

28.05: Took two out to air-dry (30.05: interesting leathery quality to these)

27.05: No new growth visible on these samples

24.05: Checked these samples today in the hood - no new growth visible

21.05: Moved these to “walled” containers on top of plastic mesh and into better
grow bags, as the air flow/moisture levels weren't great. Small amount of growth on
one of them, hopefully this will improve in the next day or so.

15.05: Today was a solid step forward with sheetmaking. Using the new (plastic)
mini-mold and autoclaved water, | mixed the pine pulp with inoculant (and acciden-
tally the bamboo paste - it fell out of the bottle) in the water, then pulled sheets
the “normal” way and used plastic mesh to drain out the excess water. This worked
much better than prior attempts. Sheets are thin, not too wet, and well bonded.
Placed four of them on more plastic mesh in order to give them a bit more venti-
lation. Also used Reishi (my own, liquid culture now gone), as it has shown better
growth speed than the turkey tail.

SG2-BXX01
SG2-BXX02 x 5
SG2-BXX03 Reishi pine pulp
SG2-BXX04

none bamboo

23.05: Took one of these out to air-dry (the one in the mold) and disposed of the
other one (turning brown at edges)

| 21.05: Checked these today, very small growth starting to appear

15.05: Used two of the mini-sheets in the new lasercut molds. They are small and
- thus don't fill the whole mold, but pushing them in worked fine. Bagged them
together.

SG2-BLCO1

SG2-BLCO2 Reishi pine pulp lasercut bamboo

N

Still need to solve the issue of a larger mold... the 180x180mm version of this mold
is slightly too big for the water basin, although it works very well otherwise. Maybe
worth getting a larger basin?

24.05: Checked this today - it has turned yellowish-brown on some edges and start-
ed to grow mildew, so | discarded it. It was also pretty stuck to the mold. Seems to
vaguely hold the Miura shape but drying method does not work (see photos).
21.05: removed sheet from bag and let it air dry in cabinet

15.05: This is the un-inoculated test sheet, made to see how paper reacts to drying
in a mold without mycelium added

potato
none dextrose
solution

pine pulp with

SG3-PXX01 none e
nettle juice

(@)

SAMPLE CATALOG
CARDED FIBER SUBSTRATE

Sample # Strain Material Mold Nutrient Notes

4| 21.05: No significant growth - sample disposed of

1| 13.05: These samples was cooked to sterilize then inoculated by pouring some lig-
uid culture (mine) into the grow bag and “squished” together to distribute. Some
growth, but not homogenous (likely due to inconsistent distribution of inoculant).
Much less growth than the autoclaved versions of the carded fiber.

CG1-0XX01 Reishi

CG1-0XX02 (lis) raw hemp fiber none none

04.06: Checked this sample under the hood today - there does appear to be new
growth, especially in the sparse corner. There might, however, also be other things
growing on the left side of the sample (little black dots). | sprayed some more water
onto the right side of the sample and put it back in the incubator, but it might be
just a matter of time before the other growth wins out...

03.06: No hood available today, but it appears that growth is happening

31.05: Sprayed lightly with alcohol and aired out in the hood for 20 minutes. Then
sprayed with sterile demi-water, put in a LC mold and bag, back in incubator.
29.05: Air-dried this sample today

27.05: Growth continues here, and the fuzziness has started. Opened the mold,
and the sheet still comes out easily. It seemed a little dry, so | added some steril-
ized demi-water to the bag (at the bottom, not getting the mold wet).

21.05: Growth is looking good on this, and | moved it to a lasercut mold

13.05: This sample was autoclaved to sterilize then inoculated by pouring some
liquid culture (mine) into the grow bag and “squished” together to distribute.
Good growth here, but not homogenous (likely due to inconsistent distribution of
inoculant). This was a double layer of carded fiber, but less dense than the other

| double-layer sample.

CG1-0XX03*
*regenerating
sample

Reishi none,

B raw hemp fiber then LC none

| 23.05: With some coaxing it came out of the mold, and it's a great sample. Nice

| fuzz and overall coverage, good movement despite being dried.

22.05: Took this one out of the incubator today. It looks fantastic but is fairly stuck
to the bottom half of the mold. Left it on the shelf to air-dry and will check tomor-

-{ row - hopefully it comes off more easily.

- | 21.05: Excellent growth here, and mycelium is actually growing beyond the areas
where the fiber is. Will let this grow a few more days then air-dry it, with potential
attempt at regeneration later. NOTE: took lid off to let fuzz re-form in the next days.
17.05: Checked again today and added 25mL demi-water to the bottom of the
bag. This sample is showing promise: somewhat uneven due to the incoluation

~| method (squishing around in the bag), but it's fairly homogenous, has a nice leath-
ery quality, and is not fragile. Comes easily out of the mold.

16.05: Much more growth here, and it's looking more consistent. | moved this sheet
to a lasercut mold, and it came easily out of the bag - has a really nice leathery
texture.

13.05: This sample was autoclaved to sterilize then inoculated by pouring some lig-
uid culture (mine) into the grow bag and “squished” together to distribute. Some
localized growth here, but not homogenous (likely due to inconsistent distribution
of inoculant). This was a double layer of carded fiber, relatively thick throughout.
This sample seems drier than the single layer sample. (b)

none, then
lasercut none
mold

Reishi carded hemp

CG-0x0% (ours) fiber

Figure A4. Excerpts from the sample catalog for (a) papermaking substrates and (b) carded fiber substrates.

‘( www.ijdesign.org 55 International Journal of Design Vol. 19 No. 3 2025


http://www.ijdesign.org

Growing Tessellations: Negotiation and Wayfinding in Interdisciplinary Design Practice

Documentation of Design Events

This section focuses specifically on the key design events described in the main text, providing examples of documentation that were vital

to our identification and analysis of these events.

Papermaking with Mycelium

_
=
=

Figure A5. Papermaking methods: (a) in a paper workshop; (b) adapted method for the ventilator hood.

Constructing a Custom Mold and Deckle

Intermediate artifacts and sketches facilitated the identification and “untangling” of design events by manifesting negotiations amongst

diverse actors and agencies in the making process.

LA 5
rrrrrrrr(,

Figure A6. The process of constructing a custom mold and deckle to meet the needs of a living material.
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Carding Hemp Fibers

(a) ———— el | (b)

Figure A7. Carding hemp: (a) raw hemp pictured above carded fibers; (b) the mechanical carding process.

Constructing Tessellated Molds

Autodesk Fusion Persansl (ot for Commercial Use)

(b)

i S i) 9" \
Figure A8. Constructing tessellated molds by responding to both the needs of a living material and the capabilities of digital
fabrication tools: (a) 3D-printed PLA mold; (b) laser-cut Vivak mold.
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Reconstruction of Design Events

In addition to the documentation specific to the three events presented in the main text, additional photographs and videos were instrumental
in recreating our process to create the visualization tool. The following are excerpts from that larger body of documentation.

Photo Documentation

Figure A9. Photo roll excerpt from a collection of over 1500 images.
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Video Footage

GoPro videos were recorded of work done inside the ventilator hood, as well as part of artifact documentation. This footage was then

referenced in the reconstruction of design events.

Table A1. A selection of video excerpts from the project laboratory and artifact documentation.
Title and link

Video screenshot

Shaping Mycelium-Hemp Substrate
URL: https://www.youtube.com/watch?v=fQ4fOrm6798

(Documenting mycelium growth prior to transferring to a mold).

Dynamic Lasercut Mold
URL: https://youtu.be/QORWIuhhe5I

(Documenting mycelium growth in a paper sheet with dynamic mold).

Papermaking with Mycelium
URL: https://youtu.be/e9ILHeYRtME

(Pulling a sheet of paper with an early mold and deckle prototype).

Mechanical Testing
URL: https://youtu.be/c4ovrM854aY

(Tensile testing of an inoculated mycelium sheet).

Documenting Artifacts
URL: https://youtu.be/yA_VEXI_hA

(Flat-folding a Miura tessellation grown with mycelium).
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Laboratory Notes
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Figure A10. Laboratory notes excerpt: journals were scanned at the project’'s completion and used in analysis.

Analysis Methods

Examples of our analysis methods, ranging from thematic analysis of laboratory notes to annotation of the visualization tool and figures
of quantitative data.

Identifying Themes in Notes and Reflections

formula/recipe

adaptation
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Figure A11. Notes were reviewed and analyzed prior to weekly discussions and at the project’s completion, with relevant themes
identified and categorized, contributing to discussions surrounding events and their impact.
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Compilation of Figures from Quantitative Data

A selection of pulled sheets—both inoculated with mycelium and non-inoculated—was kept flat (not tessellated) for the purposes of
mechanical testing. The testing was done using a Lorentzen and Wettre Tensile Tester with Fracture Toughness (Model #SE 064). The
sheets were acclimatized for 48 hours in a room with a temperature of 23°C+ 2°C and humidity of 65\% + 5°C.

Mechanical Properties of Inoculated and 40
Non-Inoculated Sheets

PXXX: Pine pulp, non-inoculated 35
PPXX: Pine pulp, non-inoculated potato (]
dextrose base —

30 - -
PPFX: Pine pulp, non-inoculated potato
dextrose base, milled flax fibers

25
PPXR: Pine pulp, Reishi liquid inoculant with
potato dextrose base
PPFR: Pine pulp, Reishi liquid inoculant with 20
potato dextrose base, milled flax fibers
PBXX: Pine pulp, non-inoculated bamboo- 15
xanthan base
PBHX: Pine pulp, non-inoculated bamboo- 10
xanthan base, milled hemp fibers
PBXR: Pine pulp, Reishi liquid inoculant with
bamboo-xanthan base 5
PBHR: Pine pulp, Reishi liquid inoculant with - .
bamboo-xanthan base, milled hemp fibers 0

PXXX PPXX

PPFX PPXR PPFR PBXX PBHX PBXR PBHR

@ Tensile strength (Nm/g) W Stretch (%)  mBreaking length (km)

Figure A12. Tensile strength, stretch, and breaking length in inoculated and non-inoculated sheets.

Modulus of elasticity (N/mm?) 1400

PXXX: Pine pulp, non-inoculated

PPXX: Pine pulp, non-inoculated potato 1200
dextrose base
PPFX: Pine pulp, non-inoculated potato
dextrose base, milled flax fibers 1000
PPXR: Pine pulp, Reishi liquid inoculant with
potato dextrose base

800
PPFR: Pine pulp, Reishi liquid inoculant with
potato dextrose base, milled flax fibers
PBXX: Pine pulp, non-inoculated bamboo- 600
xanthan base
PBHX: Pine pulp, non-inoculated bamboo-
xanthan base, milled hemp fibers 400
PBXR: Pine pulp, Reishi liquid inoculant with
bamboo-xanthan base

200
PBHR: Pine pulp, Reishi liquid inoculant with
bamboo-xanthan base, milled hemp fibers

, ' = m . m

PXXX PPXX PPFX PPXR PPFR PBXX PBHX PBXR PBHR
Figure A13. Elasticity in inoculated and non-inoculated sheets.
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