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ABSTRACT

As design practitioners begin to consider methods for
sustainably disposing of what is made, we explore
potential directions for designing with the multispecies-
driven degradation of 3D printed biomaterial objects. We
present three past encounters with multispecies agents—
plants, insects, fungi—that degraded biomaterial samples
in our lab. Based on these encounters, we speculate

on near-future engagements that such organisms might
have with our printed biomaterial objects, where an object
is transformed through degradation over time. In these
scenarios, we pose multispecies agents as co-designers
and co-fabricators of objects, exemplifying how we might
reconfigure entangled relationships between human and
more-than-human agents in the making-with process and
how we might leverage our situated position as human
makers to enable planetary flourishing.
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INTRODUCTION

In this pictorial, we explore degradation as a natural
process of making-with the more-than-human world. We
as humans often associate degradation with a reduction
in quality, condition, and value. This stems from the
scientific definition of degradation, which refers to the
literal breaking down of matter into smaller parts [33].
Despite its often negative connotations, degradation

is inextricably entangled with growth and flourishing.
This is most broadly exemplified by the environmental
cycles (e.g., water cycle, carbon cycle, nitrogen

cycle, etc.) that maintain balance in our ecosystem—
whereby matter is degraded into base elements that
are then released back into the environment to support
the continued growth of living beings. On a smaller
scale, this might look like the carbon and nitrogen

in dead leaves being consumed (i.e., degraded)

by bacteria and fungi. Given how entangled, and
interdependent these relationships are, degradation
(and reciprocal growth) is key to planetary wellbeing.

Through this more-than-human lens, we situate
degradation as a more-than-human action of making-
with, in which the breaking down of matter is a
transformative step towards the creation of new matter.
Degradation can be caused by a variety of agents such

We ground our explorations of degradation in more-
than-human and posthumanist design philosophies
[19, 27, 30, 59], which provide an alternative to human-
centered design approaches by decentering humans
and repositioning nonhumans as active agents
within the design process [22, 40, 45]. In doing so,
more-than-human design broadly grapples
with design’s role in the Anthropocene by
radically challenging traditional HCI
methodologies and theories to foster

more sustainable relationships with our
more-than-human world [18, 51, 56].
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as wind, precipitation, radiation, and living organisms
(both humans and nonhumans). However, for this
pictorial, we narrow the scope to degradation driven by
multispecies agents [26]—nonhuman living organisms
such as plants, insects, and fungi. We further focus

on how multispecies agents degrade biomaterials—
materials for human-led making and design practices
that are derived from biological matter; they are
initially grown from living organisms and are eventually
degraded by living organisms [7].

Recently, there has been a surge of new biomaterials
developed as environmentally sustainable alternatives
to non-degradable materials. Prominent biomaterials
in Human-Computer Interaction (HCI) include:
algae-based bioplastics [2, 31, 49], microbial cellulose-
based bioleathers [3, 37-39], and mycelium-based
biocomposites [21, 23, 55, 58]. There have also

been several biomaterials designed specifically

for 3D printing. One of the most commonly known
printable biomaterials is polylactic acid (PLA), which is
derived from corn. However, PLA requires specialized
composting facilities to degrade (facilities that many
cities do not have easy access to), making PLA less
sustainable than initially perceived [32]. Accordingly,
researchers and designers have begun to develop
printable biomaterials that degrade rapidly in the natural
environment without the need for industrial composting
facilities. Such biomaterials have been derived from
pecan shell flour [17], mussel shells [43], spent coffee
grounds [42], and bamboo fibers [46].

Our own design research efforts have focused on the
creation of paste-like biomaterials designed for printing
with low-cost, off-the-shelf, clay 3D printers [4, 16,

41]. In experimenting with biomaterial recipes made
respectively from compost, corn flour, and orange peels,
we began to notice how various biomaterial samples
were degraded by a variety of multispecies agents.
These encounters were unexpected, but welcome.
Given the digital predictability of 3D printing—precision
and repeatability being the key arguments for why
digital fabrication is a compelling and important tool—
the unexpected entanglements that we uncovered
brought newfound inspiration to our making practice.

These multispecies encounters further sensitized us

to the other agents present within the making of our
3D printed biomaterial objects: us as human agents in
charge of designing the object through code, developing
the biomaterial recipe, and noticing degradation;
nonhuman living organisms as multispecies agents in
charge of degrading the printed biomaterial objects;
and 3D printers as machine agents in charge of
fabricating the designed object. We found these agents
revolved around a fourth agent, biomaterial agents,
which make up the physical scaffold of the printed
object and mediates between the human, machine,
and multispecies agents. Together, these agents
make-with each other—referring to Haraway’s notion
of sympoiesis: “a word proper to complex, dynamic,
responsive, situated, historical systems...a word for

worlding-with, in company”, where “nothing makes itself;

nothing is really autopoietic or self organizing” [27].

We sketch out a web of these agents to clarify how we
perceive their relationships, noting that this web is much
more complex and holds many other agents in reality.

degrading

scaffolding noticing

printing
developing

coding

We as human agents envision making-with biomaterials,
3D printers, and nonhuman living organisms to
co-design and co-fabricate objects; but for this pictorial,
we focus primarily on the making-with relationship of
degradation between biomaterial and multispecies
agents via human-designed, 3D printed, objects.

Based on our past experiments with biomaterials

and the correlating encounters with nonhuman living
organisms, we speculate on a collection of near-future
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scenarios and objects that present both practical and
fantastical next steps for our current research. For each
scenario, we assemble a collage that is paired with a
short description of the object, questions that the object
provoked, and a collection of design dimensions—
design scale, biomaterial agent, machine agent,
multispecies agent, initial form, and time—that help us
characterize both technical and conceptual aspects of
the speculation.

design scale — the situated size of the

design intervention

biomaterial agent — biomaterial that is developed,

printed, and degraded
machine agent — type of 3D printer

multispecies agent — nonhuman living organism(s)
that degrade the object

initial form — form of the object that is
coded and printed
time — measurement of continued,

relational degradation

Ultimately, we use this work to imagine how we might
go beyond designing for our more-than-human world
through creating sustainable biomaterial objects, by
designing with our more-than-human world through
engaging multispecies agents as active makers in

our relational design practice. We do not aim to find
“answers” or “solutions” with this work, but instead
considerately w(o/a)nder about future directions for
more-than-human making-with via degradation. In doing
so, we call for readers to attend to both the beauties
and tensions that these highly situated and entangled
speculations present; speculations that trouble
boundaries between digital and biological, making and
unmaking, degrading and growing, imposing control
and relinquishing control, aesthetically pleasing and
viscerally gross. By surfacing these matters, we hope
to promote kinship, humility, and respect when making
both for and with our more-than-human world.
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PAST ENCOUNTERS

We base our speculations on three past multispecies encounters we experienced when developing
biomaterials for clay 3D printing [4]. These situated encounters occurred during the development of new
biomaterials, in which nonhuman living organisms intervened with various test samples. These samples
exemplify how biomaterials mediate between human, machine, and multispecies agents.

When drying a biomaterial
made from orange peels,

we found distinct differences
between drying prints in a
dehydrator (130°F/55°C)
versus on a desk in our lab
(70°F/21°C). The orange peel
prints dried “normally” in a
dehydrator, however, when
they were dried on a desk,
the prints started to mold. The
mold continues to propagate
on these prints even now, half
a year after they were printed.

During the development of a biomaterial consisting
of corn and wheat flour (dyed blue with food

In the creation of a biomaterial made

from composted food waste [6], we colorant) [10], we found a collapsed test print that
noticed that the compost itself contained was eaten by ants. While the external structure of
several living organisms—such as the print was mostly intact, internal portions were
worms, maggots, and, notably, different eaten away, revealing unexpected patterns.

types of fruit and vegetable seeds. We
found that some grass seeds began

to sprout from one of our biomaterial YUTURE ENGAGEMENTS

samples when lightly watered and kept . _— .

in a warm, light location. Informed by our pas.t encounter.s,.\{ve speeulate on near-future engagements that p!ants, insects, and fungi mlght have with our
3D printed biomaterials, where initially printed objects are transformed into something new through degradation. Collages made
up of photos of our previous biomaterial samples and free stock images present scenarios that we imagine as directions for future
research. We include specific design dimensions (design scale, biomaterial agent, machine agent, multispecies agent(s), initial form,
and time) to help guide and distinguish each scenario. To build out these scenarios and objects, we took inspiration from speculative
design [14] and design fabulations [28, 50, 53]. Due to our focus on the relationship between biomaterial and multispecies agents
(and lack of focus on human agents entangled in these scenarios), we acknowledge that our speculations come across as quite
utopian. By leaving out other human-made objects and materials such as plastics, we intentionally amplify how human-made
biomaterials that are already showing benefits to our planet [7] can lead to even more environmentally harmonious futures.
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The Sprouting Soil Structure examines degradation via plants as they slowly
grow from a 3D printed architectural structure. We envision printing a dome
(which is inspired by the 3D printed clay TECLA House [60]) from nutrient-

rich compost and site-specific soil that contains seeds—a hybrid assemblage
of living and non-living organic matter. Over time, the structure takes on new
forms, with the plants growing larger, but the structure collapsing due to
degradation caused by plant growth (e.g., roots cracking through the walls, the
weight of the plants collapsing the roof). In a matter of decades, we wonder how
the structure will become a part of the ecosystem it entangles with. Through
pollination and seed dispersal, will the plants growing on/from the structure
reflect the surrounding ecology? Will environmental factors like wind and rain
also shape the structure through degradation into the rest of the landscape?
What purpose/function will the structure serve in 10, 50, or 100 years?

 SPROUTING SOU STRUCTURE.

A
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Multispecies Agent(s): plants (grass,
trees, dandelions), pollinators/seed
dispersers (butterflies, birds, bees)

-
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Machine Agent: large-scale robotic arm [57]

Initial From: dome-shaped dwelling

Biomaterial Agent: compost [6] and soil [60]
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- Design Scale: animal architecture [24, 54] ”
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Multispecies Agent(s): centipedes,
cockroaches, ants, scorpions
' Machine Agent: medium-scale clay printer [41] ‘_ “"
Time: 6 months |
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Dinner(ware) for Desert Dwellers probes degradation via
consumption as a mode of co-design and co-fabrication.
In this scenario, we envision 3D printing “dinnerware” that,
over time, is consumed by multispecies agents such as
ants, who are some of the most accomplished architects
in the world [54]. As ants eat away the print (the corn
and wheat biomaterial provides a carbohydrate-rich food
source that can benefit ants [11]), the object is degraded
to reveal a new patterned structure. While we envision
the resulting structure being something unpredictable
and uncontrollable, it is still constrained by the initial form
of the 3D printed object. As such, this scenario surfaces
questions regarding how much multispecies degradation
can be controlled. Could we incentivize ants to degrade
specific parts of the print by changing the biomaterial
recipe? At what point does the object transition from being
an intentionally degraded art object (i.e., dinnerware) to
/) being an entirely degraded mass of food (i.e., dinner)?
Biomaterial Agent: corn and wheat flour dough [10] % o
; 1 g Time: 12 months

]
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Flourishing Fungal Futures explores
fungal-driven degradation of our
biomaterial objects. As fungi are

one of the most widely distributed
organisms on Earth, fungal-driven
degradation plays a role in all of our
speculations. Fungi (e.g., yeasts,
molds, mycelium, mushrooms) are
fundamental for life on earth, as

they break down complex organic
matter (such as our biomaterials) into
nutrients that plants require to grow
[44]. Similar to our Sprouting Soil
Structure, we imagine 3D printing

a biomaterial art object that acts as

a scaffold for the growth of other
organisms, in this case, fungi. We
envision fungi growing both on and
around the printed object, rapidly
transforming the color, surface
texture, and eventually form, into
something vibrant and unfamiliar. In
this explosion of fungal flourishing, the
biomaterial object is entirely broken
down by fungi into water, carbon
dioxide, and nutrient-rich biomass
[61]. After the object degrades entirely,
we envision the remaining fungi
using mycelial networks to transport
necessary nutrients to surrounding
plants [44]. Would placing this
biomaterial object in the environment
for fungal-driven degradation to occur
cause a chain reaction of multispecies
flourishing via the influx of nutrients?
Could this object make-with types

of fungi that have survived human-
inflicted damage to build more
resilient, collaborative ecosystems?




DISCUSSION

Through our speculative scenarios and objects, we pose
multispecies agents (plants, insects, fungi) as active co-
designers that are physically engaged in making-with [27]
our 3D printed objects. Through modes of degradation
(and interconnected growth), multispecies agents both
subtractively and additively contribute to the aesthetic
design of each object through texture, color, and form.
While the speculations showcase outwardly utopian
futures, we bring attention to several tensions that arise.

This work actively troubles the boundary between
making versus unmaking [35, 47, 48]. Our speculations
showcase recognizable versions of our initially printed
objects as multispecies agents degrade them, however,
there reaches a point in time where the objects are
broken down entirely, no longer resembling a form (or
function) that is recognizable to us as humans—Ileading
us to ask, how does degradation blur the boundaries
between (un)making these objects?

This boundary brings into question the aesthetics of
(un)making. While degradation is understood as an
aesthetic, it is typically associated with unfavorable
connotations of dirtiness, decay, and destruction.
Consequently, this negatively impacts how we as
humans perceive the more-than-human world that plays
a role in degradation, for example, the abject revulsion
felt when finding a cockroach scurry across a bathroom
floor or unintentionally grabbing a moldy piece of bread
[8]. In this light, the degradation of our 3D printed objects
might be seen as something to be averse towards,
something that is disgusting and even ugly. However, by
posing degradation as an active mode of making objects
that are potentially beneficial for the environment, we
(re)consider what aesthetic qualities and values might
be deemed “beautiful”. Our speculative objects then
exemplify degradation as an opportunity for embracing
more-than-human aesthetics that challenge the
dichotomy of beautiful versus gross. We in turn question:
what new aesthetic qualities and values might arise?

Along these lines, we also probe tensions between
digital and biological making and the resulting aesthetics
these methods convey. Digitally made objects are often
associated with perfection and predictability. One of the
greatest benefits of digital fabrication, and specifically
3D printing, is the precision and repeatability of making,

which can allow humans to manufacture precise parts
for biomedical or aerospace applications [1] or create
precise replicas of mathematical equations in 3D
space [20]. In contrast, making with biomaterials
and living organisms is often imperfect and
unpredictable [3, 29]. By combining these
contrasting methods of making, we
(re)incorporate elements of imperfection,
unpredictability, and ephemerality [15, 52]

into digital making— elements that humans
share with all other living organisms. Could
embracing imperfection and unpredictability in such
objects encourage human humbleness and empathy
towards our more-than-human others?

We find that the duality between digital and biological
also highlights a key difference in how much control we
have in the making of objects. While 3D printing allows
us to impose control, degradation via multispecies
engagements encourages us to relinquish control over
the (un)making of objects. However, as with many of
these dichotomies, the boundary between (lack-of-)
control is fuzzy. While 3D printing can result in “perfect”,
“controlled” prints, material inconsistencies, code blips,
and machine hiccups can impart unique traces in objects,
exemplifying other more-than-human agencies present
in the process [5, 12, 13, 20]. Similarly, multispecies
engagements of degradation are often “unpredictable”
and “messy”, however, we as humans can potentially
control these engagements by, for instance, pruning
plants and spraying pesticides. As such, we find that
these speculative bio-digital objects encourage us to
recognize the nuances of (un)controlled making and
ask which agent(s) hold power in the making process?

Our speculative work does not provide many direct
answers, but instead provokes questions that ask us to
think critically about future next steps for our research.
Accordingly, our speculations probe the boundaries
between making/unmaking, beautiful/gross, digital/
biological, controlled/uncontrolled. By exploring these
dualities and looking towards futures in which they
are merged, we make room for more nuanced, more-
than-human perspectives and agencies—ultimately
challenging predominantly human-centered notions of
design that have led to the dangerous degradation of
our more-than-human world.

%\

CONCLUSION

How do we not only design for, but also with multispecies
agents? Interest in rapidly degradable biomaterials has
surged over the past few years due to their sustainability.
While this consideration of degradation for sustainability
purposes (i.e., degradation for multispecies growth)

is a commendable goal to have when designing new
materials and objects—especially given how much
non-degradable waste we are currently producing—we
position degradation as a starting point to think about
how we might make-with multispecies agents as co-
designers and co-fabricators. Our speculations in turn
examine how multispecies agents such as plants,
insects, and fungi might transform 3D printed objects
into entirely new designs that have different aesthetics,
functionalities, and perspectives. However, we recognize
that these speculations distinctly lack human agents;
thus, we conclude by questioning: How might we as
humans then interact with these newly designed more-
than-human objects? How do continued interactions

with these objects sensitize us to our role, as humans,

in a greater entangled ecosystem and in the process of
degradation and eventual (re)growth? How can these
situated, human-centered interactions support or prevent
planetary flourishing?

, 2024, Santa Cruz, CA, USA
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