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Figure 1: Exemplar unmaking designs achieved using multi-material 3D printing, exhibiting splitting (top left), breaking (top

right), and bulging (bottom)
ABSTRACT

The access and growing ubiquity of digital fabrication has ushered
in a celebration of creativity and “making.” However, the focus is of-
ten on the resulting static artifact or the creative process and tools to
design it. We envision a post-making process that extends past these
final static objects — not just in their making but in their “unmaking”
By drawing from artistic movements such as Auto-Destructive Art,
intentionally inverting well-established engineering principles of
structurally sound designs, and safely misusing unstable materials,
we demonstrate an important extension to making — unmaking. In
this paper, we provide designers with a new vocabulary of unmak-
ing operations within standard 3D modeling tools. We demonstrate
how such designs can be realized using a novel multi-material 3D
printing process. Finally, we detail how unmaking allows designs
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to change over time, is an ally to sustainability and re-usability, and
captures themes of “aura,” emotionality, and personalization.
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1 INTRODUCTION

While the dominant western narrative of beauty when it comes
to describing physical artifacts is largely one of strength, durabil-
ity, and perfect proportions, the very opposite — fragility, imper-
manence, and “imperfection” — has long been embraced across
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multiple cultures as uniquely beautiful and meaningful [47]. One
of the most well-known examples of this is wabi-sabi, an ancient
Japanese aesthetic rooted in Zen Buddhist philosophy that honors
the beauty and authenticity of what is impermanent, incomplete,
and conventionally imperfect [24]. Throughout the years, artistic
movements around the world have resonated with these concepts.
For instance, in 1959, Gustav Metzger founded the Auto-Destructive
Art movement as a reaction to the repulsiveness of the violence and
destruction witnessed during World War II [35]. Inspired by earlier
avant-garde movements like Cubism and Dadism that rejected the
notion of mainstream societal values and aesthetics, Metzger argued
that by allowing and forcing their art to disintegrate, artists could
create powerful controversies that were a “kind of mass-therapy”
— bringing destruction into consciousness and forcing the public
to reckon with it — and an “educational programme” — allowing
artists and spectators to form more intimate relationships with the
materiality and temporality of the art. Metzger and his contempo-
raries successfully created public Auto-Destructive Art with acid,
fire, and machines, but Metzger acknowledged that his theory was
decades ahead of being able to be fully realized in practice, explicitly
calling for collaboration between artists and engineers to create
tools to more easily generate art that would disintegrate. While
artists have remained interested in and still create art echoing Met-
zger’s manifestos (Man Ray’s Object to Be Destroyed (1923), Jean
Tinguely’s Homage to New York (1960), Niki de Saint Phalle’s Shoot-
ing Picture (1961), Yoko Ono’s Cut Piece (1964), John Baldessari’s
The Cremation Project (1970), Chris Burden’s Samson (1985), and
Banksy’s Girl With Balloon (2018), to name a few), the technological
tools that Metzger envisioned arguably have not yet been fully
realized.

This paper responds to Metzger’s call, leveraging new creative
materials enabled through recent advances in technology, design,
Human-Computer Interaction (HCI), and digital fabrication. As an
extension to the focus on making that has characterized digital
fabrication research, we propose unmaking — our term to encapsu-
late the processes of destruction and decay that can and should be
equally considered as part of the creative making process. Among
other values that we detail in this paper, designing for unmaking
creates a unique opportunity for the designer of an object, the user,
and the environment to collaboratively create “aura,” a concept of
uniqueness and authenticity that Walter Benjamin, perhaps prema-
turely, lamented the loss of in the ushering of our current “age of
mechanical reproducton” [3].

Structuring our paper accordingly, we summarize our main con-
tributions as follows:

o Introduction of unmaking as an under-explored design op-
portunity that expands the creative process of physical de-
sign

o Framing of the foregrounding considerations of sustainabil-
ity and re-usability within the field of digital fabrication
through unmaking

¢ An unmaking vocabulary that can be operationalized within
a digital fabrication - particularly 3D-printing - framework

e Demonstration of a workflow that allows makers to design
and fabricate 3D-printed objects that exhibit controllable
unmaking aesthetics
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As the first introduction of our concepts, we focus our examples
and discussion mainly around 3D printing, an important and popu-
lar digital fabrication technology that boasts portability, low-cost
options, and ease of integration with multiple materials. However,
unmaking as a concept can absolutely be applied to other digi-
tal fabrication techniques as well, a point that we address in our
Discussion.

2 RELATED WORK
2.1 Destruction as an Aesthetic

Drawing inspiration from wabi-sabi and similar earlier philosophy,
the HCI community has mused upon the artistic value that signs of
destruction, such as visible damage and wear, might add to physical
artifacts in recent years [49, 50]. For instance, in 2014, Ikemiya
and Rosner presented Broken Probes, a study of the reassembly of
shattered objects in a style reminiscent of kintsugi, the Japanese
art of repair that highlights cracks with gold or decorative lacquer
instead of concealing them [19]. Their user study suggested that
reassembly gave new life to the objects, embodying narratives,
acceptance of loss, and more generally the concept of time. Similarly,
Zoran and Buechley embraced the idea that the signs of an object’s
breakage should be memorialized for its unique artisanship and
story, utilizing digital fabrication techniques to reassemble broken
objects with a new, hybrid aesthetic [62]. Design explorations in
deliberately-created patina or “material traces” of wear have also
suggested that such aesthetics are perceived favorably as signs of
maturation and ways to add personal value to physical objects [16].

Destruction occurring over a longer span of time due to en-
vironmental exposure — described most often as degradation or
decay in literature — has also been celebrated as an aesthetic that
is unique to biological materials, especially in more recent years
as researchers have sought to motivate the use of environmentally
friendly media [29-31]. Along with embodying the sentiments and
values already expressed, the degradation of biological materials
provides novelty and also forces us to reflect upon and consciously
deepen our relationship with nature.

2.2 Destruction as a Creative Act

In addition to the added aesthetic value that destruction can bring,
existing literature suggests that the act of destruction itself can be
entertaining, empowering, informative, and cathartic. Devendorf
and Rosner’s 3D Print Eraser and Melt are speculative systems in
which digital fabrication machines are used to erase or induce the
destruction of material objects, with the main purpose being to cre-
ate provocative performance art [11]. Other scholars have further
suggested that enabling human interaction in processes related to
destruction can develop additional meaning and value. Through
a series of several detailed inquiries, Murer et al. proposed “un-
crafting,” or the hands-on disassembly of interactive artifacts that
could be considered a methodical or controlled form of “destruction,’
as a means to gain material understanding and to inspire future
designs [36-39]. Also noteworthy is the concept of “counterfunc-
tional design,” a design methodology proposed by Pierce and Paulos
to draw attention to and force the rethinking of certain elements of
a design by “destroying” the concept of the conventional function
of a device and instead creating inhibiting interfaces [43]. In other
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demonstrations, fabrication machines augment humans’ abilities
as agents of destruction. For example, Eickhoff et al’s Destructive
Games re-purpose fabrication machines as tools to enable games
that resulted in the destruction of physical objects, such as money
bills and toys, and the authors were surprised to report that 8 out
of 12 of the participants in their user study said that they would
play such games again [15].

Perhaps the findings of Destructive Games should not be so sur-
prising, however. In 2012, Ringler and Reckter conducted an inquiry
into whether humans would be tempted to destroy their robot and
similarly found that the majority of their users chose to cause obvi-
ous damage to the robot and reported some sense of satisfaction
in doing so, despite feeling that their actions were cruel [44]. The
worldwide popularity of “Rage Rooms” — rooms filled with objects
that individuals or groups pay to wreck — is a testament to what
may be our inherent desire to destroy [34]. Indeed, despite its nega-
tive connotations, destruction is a central concept in psychotherapy
for letting go and coping with loss, and several scholars have ar-
gued that we ought to embrace and enable the embodiment of these
emotional needs in design [32, 45].

2.3 Role of 3D Printing in Destruction

The work that we have offered so far suggests that the argument
that embodying destruction, decay, and deformation can bring
unique meaning to design is itself not a new one in HCL. However,
from existing literature alone, it remains unclear how to achieve
or design this in a practical sense. Thus far in this paper, we have
presented prior work that uses digital fabrication machines to re-
assemble broken pieces [62], actively destroy objects [11, 15], and
print biological materials that easily degrade [29]. Still, the possi-
bility of digitally designing and fabricating objects that unmake
in controllable or pre-defined ways post-making has been largely
unexplored.

The approach that we take in this paper is to leverage the power
of multi-material 3D printing. For this, the findings in the world
of 4D printing and shape-changing interfaces provide valuable
techniques and inspiration. 4D printing is the process by which
objects are fabricated in 2 or 3 dimensions but, upon exposure to
a catalyst or stimulus, can change shape, color, or other material
properties in a controllable manner [27, 48, 57]. The promise to help
solve numerous design problems in transportation, architecture,
assembly, and other applications has driven the rapid development
and characterization of new materials and 4D printing techniques.
One common approach for shape-shifting in particular is to take
advantage of the shape-memory properties of conventional ther-
moplastics used in 3D printing by selectively building up stress
during printing with print speed and direction. Upon heating, this
stress is released in the form of a pre-determined shape change
[1,14,17,18, 26,51, 55, 56]. Several researchers have also use the ap-
proach of turning to unusual materials, such as foaming agents [20]
and living organisms [60], to induce complex changes in not only
shape but texture, color, and other visible or tangible properties.
Many other active investigations in novel “smart” materials from
the field of materials science may eventually prove to be fruitful to
draw upon as well [5, 9, 10, 27, 46, 57].
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This is not to say, however, that unmaking is a subset of 4D print-
ing, as the two have distinct goals. Upholding structural integrity is
a theme that is prevalent throughout 4D printing literature, but it is
one that unmaking challenges. Nonetheless, reading such literature
through a different lens may reveal great insights for unmaking
with 3D printing strategies. For example, Gu et al. present Geodesy
as a 4D printing method that results in controllable shape-shifting,
but they specifically avoid deformations that result in strength
reduction [18]. We believe that Gu’s approach of building in heat-
activated shrinkage zones can be leveraged for unmaking, but to
do this, we shall embrace, not avoid, instability.

3 UNMAKING AND SUSTAINABILITY

Sustainability is an increasingly pressing global concern that de-
mands particular attention when discussing energy and material-
intensive efforts, including physical prototyping. Sustainability also
has deep roots in HCI research. We want to respect and acknowl-
edge the importance of environmental considerations when propos-
ing new frameworks for designing with physical materials. As such,
before presenting our vocabulary and workflow for unmaking, we
dedicate this separate section to reflecting upon how unmaking can
be an ally in the movement towards more sustainable thinking and
practices.

3.1 Sustainable “Making”

Several scholars have proposed guidelines for developing and as-
sessing sustainability practices in digital fabrication and design
[4, 6,13, 25, 33, 42]. When considering what materials to use, Lazaro
Vasquez, Wang, and Vega urge researchers to use Life Cycle Anal-
ysis to assess the sustainability of their practices; in addition to
taking into account the energy consumed by machines themselves,
researchers should choose materials with the lowest “embodied en-
ergy” and carbon dioxide emissions possible and recycle or dispose
of materials appropriately [25]. There have been several successful
and provocative demonstrations of artifacts and workflows embody-
ing these principles with easily degradable, biological materials,
such as mycelium [21, 52, 53, 58], but overall, the field has been
slow to change. As previously discussed, the unique aesthetic of
biological materials has been highlighted and celebrated. How-
ever, according to Lazaro Vasquez, Wang, and Vega’s review of the
environmental impact of physical prototyping, over one-third of
physical prototyping reported in the last 5 years of CHI proceed-
ings was still done with plastics, suggesting that more needs to be
done to make the case for easily degradable materials [54]. Beyond
simply appealing to makers’ sense of environmental responsibil-
ity, bio-degradable and compostable materials offer arguably few
advantages. PLA, which alone accounts for 25% of the prototypes
Lazaro Vasquez et al. surveyed, is touted as a eco-friendly material
that can compost in just 90 days. Unfortunately, in practice, much
of it ends up in the landfill, where it can take up to 1000 years to
decompose, because composting PLA requires specific industrial
conditions that are not always accessible in a given locale. This
should not be particularly unexpected, as the development of such
materials for prototyping is currently driven by the perceived need
to meet the same durability and mechanical properties of their con-
ventional counterparts, inherently limiting their ability to degrade
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— certainly in the consumer’s hands but even when considering
industrial capabilities.

Grappling with the waste that results from current practices
is a major challenge that plagues digital fabrication and maker
culture [12, 23]. In 2007, Eli Blevis laid out several principles for
design from a sustainability perspective, demanding that inven-
tion be “linked” with disposal — that is, invention should not be
made without a detailed plan for the disposal of materials that will
result — and that renewal and reuse be prioritized [4]. Several ef-
forts have certainly been made regarding the latter. As part of their
framework of “salvage fabrication” and bettering practices around
sustainability in the makerspace, Dew et al. imagined that makers
might be interested in concept of “perishable printing” — working
with digital fabrication materials that are designed to decay — to
raise awareness around the waste and leftovers of 3D printing [12].
At CHI 2020, Wu and Devendorf made critical strides towards elim-
inating waste in the realm of smart textiles altogether, presenting
Unfabricate, an inquiry into designing smart textiles designed with
disassembly and reuse as a focus [59].

3.2 Sustainable “Unmaking”

Continuing with Blevis’s framework, we envision unmaking play-
ing a critical role in promoting renewal and reuse. For materials
such as PLA that are bio-based but not consumer-degradable, me-
chanical recycling — shredding the material into small parts to be
remelted and renewed — can be energy-intensive, but it can in some
cases be lower in environmental impact than composting when
considering the entire life cycle of the material [8]. Aesthetics aside,
creating objects that can spontaneously shred, or at least disassem-
ble into their constituent colors and materials, is one practical way
in which a designer can use unmaking to facilitate renewal and
reuse.

Additionally, unmaking finds unique relevance in addressing
Blevis’s call to “link invention and disposal,” which has proven
somewhat more elusive than the promotion of renewal and reuse.
By capturing the values surrounding ideas of destruction that have
previously been identified, unmaking radically counters the con-
ventional concepts of disposal and waste themselves, turning the
process of disposal into one of continual invention. Our vision is
that drawing researchers to the space of unmaking will further
sustainability agendas, incentivizing the search and development
of novel materials designed specially for unmaking — ones that can
be degraded by an individual upon demand without reliance on
energy-intensive processes and are “eco-friendly” in a truer sense
than materials available today.

Finally, while sustainability is an important theme that is enabled
and supported by unmaking, we argue that unmaking as a concept
itself has valuable design, aesthetic, and philosophical implications
alone, even within the limitations of currently available materials.

4 THE DESIGN VOCABULARY OF UNMAKING

Once one accepts that designing for unmaking is a worthwhile
pursuit, it is natural to wonder what the space of unmaking actually
looks like and how to harness known digital fabrication materials
and tools. Currently, in the world of three-dimensional modeling,
software design tools offer atomic operations such as extrude, loft,
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Figure 2: Visual icons representing selected elements of the
unmaking design language

and revolve. As more practitioners begin to embrace unmaking
within their designs, a new set of “unmaking” operations will be
needed. The power of unmaking is not in a naive view of reckless
destruction but in the poetic way in which a designer creates and
layers the unmaking experience within an object.

We propose an initial set of expanded design vocabulary for un-
making, drawing upon aesthetics expressed in previously-discussed
art and HCI research. First, from wabi-sabi-inspired research [19, 50,
62] or “un-crafting” work [36-39] in which the destruction aesthetic
is characterized by clean, cleavage lines, we propose the inclusion
of crack and split operations. Other work has emphasized the
value of other visible signs of aging and use, such as surface nicks
or rusting [16, 30, 31]; for these, we offer pit and shed unmaking
operations. Biological materials, which are especially attractive
choices for sustainable unmaking, tend to destruct by dissociation
or disintegration [29], so we propose that the dissolve operation be
included to capture this aesthetic. Biological and water-based mate-
rials are also susceptible to warpage in response to environmental
factors such as temperature and humidity [29], so operations such
as bulge, lean, shrink, and sag should also be represented in an
initial vocabulary set.

To summarize, we list and define these operations for designers
to begin to craft their unmaking as follows:

e CRACK — to break without complete separation

e SPLIT — to completely separate into distinct pieces

e PIT — to undergo the formation of small pits on exterior sur-
faces, creating a patina of corrosion or textured indentations

e SHED — to undergo the removal or molting of a surface layer
or outer covering

e DISSOLVE — to separate into atomic component parts and
disintegrate

e BULGE — to swell or bend outward from exterior surfaces

e LEAN — to bend in a particular direction (typically vertically)

e SHRINK — to decrease or contract in size or volume

® SAG — to sink or bend downward from weight or pressure
This vocabulary is illustrated in Figure 2. This is only a starting

set of essential unmaking operations; it is by no means a complete

vocabulary. With some unmaking operations now defined, we next

detail the technical parameters of various unmaking processes,

demonstrate the vocabulary within CAD modeling software, and

present working examples of actual resultant unmaking.

5 3D PRINTING STRATEGIES FOR
UNMAKING
In this section, we provide a selection of 5 strategies that combine

materials and techniques compatible with 3D printing to opera-
tionalize selected elements of the unmaking vocabulary. While 3D
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printing is not the only approach to exploring unmaking, the abil-
ities to engineer hidden structures, deposit multiple materials on
very small spatial scales, and generally execute designs with preci-
sion difficult to do by hand make it a valuable technique to create
intriguing, sometimes unexpected manifestations of unmaking. We
present our strategies in the context of “material selection strategies”
— encompassing the single-material printing strategy and 2 types
of multi-material printing strategies (overt and obscured) — and
“structural design strategies” — encompassing the counter-stable
mechanical design strategy and the triggered reactor design strategy.
These strategies may be used on their own, but the most powerful
demonstrations of unmaking will likely result when they, along
with other future strategies, are used in concert with one another.

5.1 Material Selection Strategies

One of the most intuitive ways to engineer unmaking with any dig-
ital fabrication technique is to simply use materials that naturally
exhibit desired unmaking operations. Broadly speaking, 3D print-
ing strategies can either rely on printing with a single material or
printing with multiple materials. Following convention, we define a
“single material” to be a single input filament (for techniques such as
fused deposition modeling), resin (for techniques such as sintered
laser annealing), or powder (for techniques such as powder bed
fusion) to create artifacts that appear monolithic in composition
on a macroscopic scale; these input media themselves may be a
single chemical compound or element, or they may comprise ho-
mogeneous blends of multiple compounds on a microscopic scale.
“Multi-material” printing can be achieved with 3D printers outfitted
with multiple or exchangeable extruders or write-heads, allowing
for different parts of an object to be made from different input
materials. The single-material printing and multi-material printing
design strategies for unmaking are discussed subsequently.

5.1.1 Single-Material Printing. The single-material printing strat-
egy uses a conventional single-material 3D printing approach with
an input medium that is readily destructable or degradable. 3D
printing objects with PVA, a common support material that dis-
solves in water, is an example of this approach (Figure 3(a)). Some
other promising material candidates are biological materials, in-
cluding food [28] and hydrogels comprising chitin, pectin, or other
structural organic matter [29]. With powder bed fusion, a newer
printing technique, corrosion-susceptible materials such as met-
als are also now 3D printable [40]. Finally, some “non-optimized”
plastics — that is, those without the conventional additives that im-
prove their mechanical properties — are prone to discoloration and
embrittlement when exposed to UV light, water, or certain solvents
and could also be leveraged to achieve more types oftextitcracking,
pitting, or shedding effects.

This basic materials-centric approach can indeed produce some
interesting unmaking effects. However, considering material choice
alone is limiting, especially presently — that is, before the devel-
opment of new materials that are optimized for unmaking. The
unmaking vocabulary achievable by this approach is broad in the-
ory but limited in practice. Identifying materials that are both com-
patible with digital fabrication flows and also easily degradable is
currently challenging; most commercially available printable ma-
terials today are manufactured to resist unmaking, so unmaking
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using a single-material strategy can be difficult to induce, slow, or
uncontrollable.

5.1.2  Multi-Material Printing (Overt). Multi-material printing strate-
gies in general rely on the use of multiple input materials (filaments,
resins, powders) to design artifacts that may non-uniformly degrade
upon exposure to different catalysts, creating more complex effects
than can be achieved with a single material. The overt multi-material
printing strategy in particular refers to the approach of printing
different parts of an artifact with different materials such that the
differences in external colors and textures, while perhaps subtle,
are perceptible; a close examination of the external surfaces of the
initial object overtly reveals the multi-material nature of the object.
With this strategy, one part may rust and shed away while another
cracks and splits into pieces upon freezing. Figure 3(c) is one demon-
stration of this concept; iron-filled metal composite PLA filament
(Proto-Pasta) is used to print one section of an object that selectively
rusts upon exposure to salt water, while the plain PLA sections of
the object remain unchanged. A multi-material approach affords
a designer the ability to choreograph a multi-step, multi-catalyst
unmaking process. An object might physically split when an inter-
mediate part fails first, or it may become a patchwork of colors and
pitted textures as it is subject to various elements. As is the case
with single-material printing strategies, however, the richness of
vocabulary achievable with this strategy is heavily dependent on
the fundamental unmaking capabilities of the materials available.

5.1.3  Multi-Material Printing (Obscured). One of the unique capa-
bilities of 3D printing is the ability to create internal structures that
are not obvious upon external examination. The obscured multi-
material printing strategy is one in which an artifact appears to be
printed from a single input material, but there are obscured internal
chambers that are filled with a different “active material” — one that
changes phase, shape, or otherwise releases energy upon exposure
to a catalyst — to fracture or destruct those areas selectively. The
entire object may also be a shell encapsulating a single chamber
containing an active material that reacts with and transforms the
shell material into an entirely new material with its own unmaking
capabilities. A prototype inspired by this idea is shown in Figure
3(b); a model is printed with a wood-PLA blend filament (Timberfill
PLA) shell and filled with a hemp-mycelium spore blend (which
can be printed as a paste [22]); with proper humidity and oxygen,
the mycelium colonizes the shell material, changing its appearance
and mechanical properties.

We explore another manifestation of the obscured multi-material
design strategy in more detail in upcoming sections of this paper.
This strategy is especially useful in creating surprising and de-
lightful unmaking experiences post-making. By modulating the
geometry of internal chambers and the selection of the active mate-
rial, we can design for a swath of unmaking operations, including
splitting, bulging, and leaning. These capabilities can even be ren-
dered such that the maker of such artifacts can be unaware of the
hidden unmaking that is embedded.

5.2 Structural Design Strategies

In addition to the careful selection of materials used for printing,
structural design strategies are also key to enabling our unmaking
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Figure 3: Demonstrations of different unmaking strategies.
(a) Single material printing: A PVA model is selectively
dipped in water; water is absorbed and causes melting
and splitting. (b) Multi-material printing (obscured): A Tim-
berfill wood-PLA composite shell is filled with mycelium
spores; mycelium colonizes the shell material, softening it
and drastically changing its appearance. (c) Multi-material
model printing (overt): A model comprising solid PLA for
the body and iron-PLA composite for the head; when ex-
posed to salt water, the head selectively rusts. (d) Obscured
multi-material printing + counter-stable mechanical design:
A wood-PLA composite shell is filled with hydrated mung
beans; the sprouting of the mung beans causes cleavage
along a pre-defined weak layer in the cylinder.

vocabulary. Possible strategies, discussed subsequently, include
counter-stable mechanical design and triggered reactor design.

5.2.1 Counter-Stable Mechanical Design. Counter-stable mechani-
cal design strategies abandon the rules of stable design from mechan-
ical engineering and print with intentionally-created mechanical
weak parts. For example, we can print layers that are especially
thin or fragile, or adjust print parameters to intentionally create
marginal designs. Figure 3(d) illustrates this approach in combina-
tion with an obscured multi-material printing strategy; a Timberfill
wood-PLA composite hollow cylinder is printed using a single-
extruder Fused Deposition Modeling (FDM) 3D printer, and a weak
layer is created by skipping a print layer in the printer’s machine
code. Sprouting mung beans placed inside the cylinder cause the
cylinder to crack along the weak layer after a few days. Counter-
stable mechanical design may be made overt to varying degrees.
Weaknesses may be obvious to virtually anyone through the cre-
ation of external gaps in material, thin connections, or wrongly
moving parts, perhaps even suggesting and inviting a particular
interaction to catalyze unmaking. Alternatively, they may require
the trained eye of a structural or mechanical engineer. They may
also be completely obscured using, for instance, the creation of
hidden, internal volumes that are unsupported, setting the stage for
unmaking that may occur by random, unintentional interactions.
Using a counter-stable mechanical design strategy, and generally
rethinking printing strategies in addition to material selection, can
allow a design to transcend perceived material limitations and be
used to simulate unexpected unmaking operations. 3D printing
technologies enable us to engineer an object with sub-millimeter,
layer-by-layer precision, so there is no reason to simply wait for
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the “right” materials to be developed before exploring unmaking.
Plastics, a workhorse of 3D printing, are inherently soft materials
that exhibits ductile failure, characterized by deformation before
breakage. In addition to using materials-based strategies to enable
unmaking in this this way (sagging or leaning), the counter-stable
mechanical design strategy allows us to instead emulate brittle frac-
ture — characterized by cracking and splitting along clean cleavage
surfaces (such as the weak layer in Figure 3(d)) without noticeable
deformation — that is normally only expected from non-plastic
materials such as metals, ceramics, and glass.

5.2.2 Triggered Reactor Design. The triggered reactor design strat-
egy uses a combination of chemical catalysts and mechanical design
to engineer a chemical reactor that triggers unmaking upon being
manipulated in a specified way or after a certain amount of time. By
nature, this strategy as described is also a multi-material one. For
example, baking soda and vinegar may be deposited into separate
chambers within a 3D printed object and be forced to later combine,
either when turned upside down by a human or when an internal
dividing structure dissolves after a set amount of time. Once com-
bined, the chemicals react to form carbon dioxide gas that builds up
pressure and, after a few seconds, suddenly bursts through part of
the object. A video of this example is in our Supplemental Materials.
By engineering how internal structures are designed, unmaking
may be triggered by other specific manipulations, such as spinning,
being dropped, or being squeezed. By tweaking the concentrations
of chemicals used and type of reaction induced, the duration of
unmaking can also be modulated from milliseconds to years. This
strategy might be used to realize unmaking vocabulary such as
splitting, bulging, shrinking, and dissolving.

6 OPERATIONALIZING UNMAKING

We operationalize the concept and design vocabulary of unmaking
by demonstrating its creative process, resulting artifact, and the
eventual unmaking experience using a multi-material 3D print-
ing process. We use an obscured multi-material design strategy to
print chambers of an active material within a primary material,
demonstrating that by varying the geometry and placement of the
chambers and conditions of unmaking, we can induce different,
controllable unmaking effects, exemplifying splitting and bulging
in particular. Controllability is an important characteristic of un-
making, as we are interested not in simply “blowing things up” but
rather in how designers can “build in” desired unmaking param-
eters into their designs. Of course, we want to embrace elements
of chance and entropy as well and allow for some variation in the
timing and precise geometry of unmaking. We present our system
not as an ideal example that embodies all of the aforementioned
potential of unmaking design but rather as one that, despite being
limited by current material sets, provides a preview into what can
be achieved.

6.1 Materials

For our demonstration, we use off-the-shelf materials to provide
a glimpse into what is already possiblefrom an artistic perspec-
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Figure 4: Images of (a) dry microsphere powder and (b) pre-
pared 20, 40, and 60 wt% water-based slurries

tive, even before the development of materials particularly de-
signed to support “unmaking.” We fabricate PLA objects with selec-
tively placed chambers filled with our active material of choice —
thermally-expanding microspheres. Thermally-expanding micro-
spheres are composed of thermoplastic shells encapsulating a low
boiling point hydrocarbon. Upon heating to a temperature within
an activation window, the hydrocarbon expands while the thermo-
plastic shell softens, causing the microspheres to swell like balloons
to up to 60 times their original volume. These microspheres are con-
ventionally used as blowing agents in automotives, construction,
packaging, and coatings to reduce weight and density. In research,
they have also been used in ExpandFab, a 4D-printing method for
fabricating expanding foam artifacts [20], and in transient elec-
tronics explorations for triggering the shattering of microchips [2].
The microspheres used for our demonstrations (Nouryon Expan-
cel 043 DU 80) are of proprietary composition and assumed to be
hazardous, but Nouryon, the provider of our microspheres and one
of the world’s largest manufacturers of expanding microspheres,
announced in 2019 that they had developed prototypes of micro-
spheres made from cellulose — a bio-based, readily-degradable
compound that could serve the same purpose as the microspheres
reported here [41].

The microspheres we use here have a diameter 16-24 ym, a start-
ing activation temperature of 95-115°C, and a maximum tempera-
ture of 147-167°C. Different varieties of microspheres with different
size and temperature ranges can be used to achieve the effects we
demonstrate subsequently, but their activation temperature should
not exceed the melting temperature of the main printing filament
to avoid uncontrolled warpage and melting.

We prepare a slurry of microspheres by mixing them in wa-
ter to make them compatible with standard paste-based extrusion
methods. We print with a concentration of 40 wt%. Higher concen-
trations make the microsphere slurry difficult to print and result in
an excess mass of expanded microspheres upon destruction. Lower
concentrations may result in unintentionally incomplete unmaking
effects, the obvious seepage of loose slurry from 3D prints before
and during unmaking, and uneven effects over time due to a de-
crease in slurry volume as water evaporates. Images of the dry
microspheres and prepared slurries of various concentrations are
shown in Figure 4. Microspheres slurries of concentrations greater
than 40 wt% maintain their volume over time when left undisturbed,
even after the water has evaporated.
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Figure 5: (a) PLA cubes can be split parallel to print layers OR
perpendicular to print layers. (b) The surfaces of the split
PLA pieces after microspheres are brushed off are smooth.
(c) Splitting may be used to separate multi-color (or multi-
material) artifacts cleanly into their constituent parts for re-
cycling.

6.2 Splitting

One of the most important operations of unmaking that is realizable
by our approach is splitting. Figure 5 shows the results of defining
and printing a thin plane of microspheres inside FDM-printed PLA
models. The plane of microspheres is 1 mm thick and extends
nearly to the object’s external surfaces, with an offset margin of
0.5 mm. After printing, the objects with various internal splitting
planes appear identical. However, upon heating to 130°C for 10
minutes, the objects split along the defined planes. While FDM-
printed objects by nature are more susceptible to breakage along
print line boundaries, Figure 5 shows that objects may be broken
against print lines as well with our method. The resulting expanded
microspheres may be left as-is or cleaned off with water or a dry
brush.

Practically, this method may be used to divide parts into their
constituent materials or colors (Figure 5(c)), which is important
to maintain renewed material quality upon recycling and reuse;
layers of microspheres may be inserted at each material boundary
to accomplish this. If this is the primary goal, a designer may wish
to explicitly prescribe unmaking to the makers and “users” of an
artifact, as the artifact itself carries no signifiers of the affordance
of unmaking. On the other hand, this method can also be used to
intentionally create more mysterious, startling unmaking effects.
The “obscured” aspect of this obscured multi-material design strategy
— the fact that the unmaker has no indication of where and how
the object will break until the moment it happens — contributes
to the suspension, surprise, and perhaps delight that is evoked
when the object is placed in an oven or on a hotplate and splits
unexpectedly. In fact, because the unmaking that the designer has
embedded is invisible, the object may unmake days, months, or
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Figure 6: A pre-defined section of a PLA cube bulges upon
heating.

years later. Conceptually, this is an important new design parameter
— the fact that a design is not “done” simply once it is made. The
intended design is only fully realized when the object’s unmaking
is manifested. The tension, anxiety, and delight embodied in this
experience are a central characteristic of unmaking.

Additionally, the splitting of PLA objects appears to violate ex-
pected modes of mechanical failure that should result from “im-
mutable” material properties. Although textbooks and material
properties tables indicate that PLA breakage resulting from heat
or mechanical stress occurs via ductile failure, as seen in Figure 5,
the end result of our splitting operation instead resembles brittle
fracture, with slight deformation visible only on the edges of the
cleavage surfaces.

6.3 Bulging

It may also be desirable to celebrate unmaking in an intermediate
state prior to an object’s separation into pieces. Much of our un-
making vocabulary defining various forms of deformation captures
such states; here, we discuss the realization of bulging. With our
approach, we can set the stage for highly anticipatory future un-
making experiences by inducing bulging in an initial unmaking
experience. Like splitting, bulging can be surprising and unexpected
due to the lack of outward-facing material or structural weaknesses.
Upon witnessing the object bulge, an individual may halt unmak-
ing and decide to interact with or display the deformed object for
some time. Once an object has bulged, or more generally deformed
(e.g. sagged, leaned, or shrunken), its potential for unmaking is no
longer obscured. While the initial unmaking session may have
evoked shock or intrigue, the subsequent session may be one of
anticipation and satisfaction.

To implement bulging, we define and fill larger chambers of
microspheres. Figure 6 shows the results of defining and printing
a large (24x24x5 mm inside a 25x25x25 mm cube) chamber of mi-
crospheres (40 wt% slurry). The cube was heated at 130°C for 5
minutes.

In addition to heating time, microsphere slurry concentration and
heating temperature can modulate the speed and amount of bulging
that happens. Figure 7 shows hollow PLA test pieces (15x15x10
mm with a wall thickness of 0.5 mm) (a) filled with slurries of mi-
crosphere concentrations ranging from 20% to 60% by weight and
heated at 130°C for 5 minutes; and (b) filled with a 40 wt% micro-
sphere slurry and heated to temperatures ranging from 110°C to
150°C for 5 minutes. The amount of bulging increases with heating
time, heating temperature, and the concentration of microspheres
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Figure 7: The degree of bulging may be modulated with (a)
heating temperature (fixing microsphere slurry concentra-
tion at 40 wt% and heating time at 5 minutes) or (b) micro-
sphere slurry concentration (fixing heating temperature at
130°C and heating time at 5 minutes).

used. The designer and the owner of an object (when they are dif-
ferent people) can thus collaboratively shape the unmaking of their
objects.

7 3D MODELING DESIGN TOOL

Carrying out unmaking design strategies in practice can be labori-
ous and nearly impossible if every artifact is modeled from scratch.
To overcome this and support widespread unmaking design ex-
ploration, we need to develop software tools that operationalize
the unmaking vocabulary. Such tools should also require as little
extra input from the designer as possible to execute the details of
generating printable meshes, abstracting out the mechanical and
chemical know-how required to implement the designer’s desired
unmaking effect(s). On a high level, this involves developing an
abstracted module for each unmaking operation. A designer can
then can simply select desired unmaking operations from a menu
to drop into their 3D models. In this section, we present exam-
ple unmaking CAD macros for our PLA and microspheres system.
However, this tool is not material-dependent and can be used for
unmaking designs with other material combinations that use the
obscured multi-material design recipe as well.

Users can design the unmaking of artifacts in the 3D-modeling
program Rhinoceros (Rhino) using our custom macros. In the ex-
ample shown in Figure 8, we demonstrate splitting, the unmaking
operation in which an object cleaves along a specified surface. We
have also made a macro for bulging, the effect in which an object
swells in a given area but does not physically break. The parametric
macros are scripted in Rhino.Python.! To illustrate this, we walk
through the usage of the splitting macro. The designer creates or
loads their mesh model in Rhino and defines a surface (or surfaces)

!https://github.com/kwsong/unmaking_public
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Figure 8: A custom Rhino macro allows the designer to de-
fine surfaces along which a 3D model should break and gen-
erates modified meshes that can be exported as .stl models
to be sliced, 3D printed, and unmade. An inset highlights the
added mesh boundaries in pink.

that the model should cleave along when heated. The surfaces do
not have to be planar. The macro prompts the user to select these
elements and automatically generates 2 printable meshes with the
correct face normals: one that is the original model with a hollowed
out chamber centered on the user-defined splitting surface (the
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Figure 9: 3D printer setup with PLA printed via FDM and
microspheres extruded with a peristaltic pump

chamber is 1 mm thick and 0.5 mm offset from the external surface
of the model), and one that is the chamber itself (defining the micro-
sphere volume). The resulting 3D models can then be exported as
.stl files from Rhino to Slic3r, an open-source slicing program that
converts the model into machine gcode to be interpreted by the 3D
printer. The bulging macro operates in a likewise fashion, with the
addition of an intermediate dialog in which the user specifies the
thickness of the bulging chamber after selecting the base surface.

Such an idea can be expanded to support a greater range of un-
making operations, as well as different unmaking design strategies.
For example, for obscured multi-material designs, we might also
induce leaning by generating asymmetrical chambers based on a
desired leaning arc that the designer draws. For counter-functional
mechanical designs, we might take as an input a user-defined vol-
ume and convert solid parts of a model lying inside that volume
to a fragile wireframe. For triggered reactor designs, we might use
a user-defined volume to generate appropriately sized and placed
U-shaped chambers, to be filled with chemicals that mix when the
chambers are inverted. These designs can be chained together to
create wildly creative and unexpected unmaking effects.

8 FABRICATION PROCESS

A wide variety of 3D printing technologies, including fused deposi-
tion modeling (FDM), selective laser sintering (SLS), stereolithog-
raphy (SLA), and PolyJet 3D printing, support unmaking. In our
examples, we use a dual extruder 3D printer (modified Voxel8), with
the primary extruder printing thermoplastic filament via a standard
FDM process and the secondary extruder outfitted with a syringe
whose flow is controlled by a peristaltic pump (Figure 9). PLA is
printed on the primary extruder at 200°C, and the microsphere
slurry is printed on the secondary extruder at room temperature.
Some of the prototypes shown in this paper were printed on
single-material 3D printers, and for these, we paused printing to
hand-pipe the microsphere slurry into chamber(s) using a syringe
for convenience. Virtually any deposition or extrusion-based 3D
printer can be easily modified to print microsphere slurries with
commercially available components and systems [7, 61].



CHI ’21, May 8-13, 2021, Yokohama, Japan

9 DISCUSSION

The method that we have presented is an example of an obscured
multi-material design strategy relying on readily available off-the-
shelf materials that enables surprising, and perhaps even shocking,
unmaking experiences post-making. We have shown that we can
realize a subset of our unmaking vocabulary, including splitting
and bulging, and are confident that future efforts will realize other
operations as well. Still, it is clear that the design potential of unmak-
ing can be most fully realized with materials specially developed
with unmaking in mind. Unmaking with commercially-available
thermally-expanding microspheres has its limitations. Because the
activation temperature of our microspheres is relatively high, un-
making with this method requires human input; microspheres with
activation temperatures as low as 80°C exist, but 80°C still exceeds
most “in-the-wild” conditions.

Additionally, with regards to sustainability considerations, while
our method as-is can be helpful for separating different colored PLA
sections and potentially breaking PLA artifacts into small pieces
for easier and higher-quality recycling, the claim of our method as
“sustainable” admittedly cannot be truly realized until we replace
the microspheres with Nouryon’s hopefully imminent cellulose (or
equivalent) microspheres [41]. We also must replace PLA with a
material that is degradable with consumer unmaking techniques
alone so that we do not rely on energy-intensive industrial recy-
cling or composting processes. Arguably, such easily biodegradable
materials are not commercially available today due to lack of com-
pelling demand. While initially discouraging, we believe that a
growing interest in unmaking could accelerate the development of
these materials and compatible processes. One promising example
of a material and technique under active investigation is Gladman
et al’s 3D printing of cellulose-based hydrogel structures with a
direct-ink writing technique [46]; such structures might be seeded
or filled with enzymes or bacteria that could induce selective un-
making without hazardous or excess byproducts. As previously
described, we envision unmaking as a collaborative process be-
tween a designer and owner of an object that continuously creates
new, personalized value in an object as it destructs and returns back
to the earth, reducing the reliance on energy-intensive industrial
recycling processes and potentially eliminating the concept of dis-
posal altogether. We hope that our presentation of unmaking as
an under-explored design space will increase interest in the usage
of and incentivize more research and commercial development of
easily degradable materials.

Still, even as presented, the unmaking concept enables and per-
haps even forces designers to think about and consider how their
objects should fail and destruct — something currently not often
considered. Our demonstrations only scratch the surface of what is
possible with not only future materials but also other digital fabri-
cation techniques, including ones that are subtractive instead of ad-
ditive processes. Laser cutting and CNC milling are popular digital
fabrication technologies that use a laser beam or mechanical cutter
to selectively etch away parts of a starting mass of material. While
obscured multi-material strategies are perhaps not easily adapted to
such processes, the single-material and counter-stable mechanical
design strategies can be readily deployed. By selecting a readily
degradable material or by carving the initial material out to create

Katherine W. Song and Eric Paulos

mechanically weak areas, subtractive fabrication technologies can
be used for unmaking in a similar way for these strategies that we
have already described. We believe that designers will continue to
explore and find other novel strategies for unmaking that uniquely
lend themselves to particular digital fabrication technologies as
well.

Next, we present 3 theoretical scenarios to illustrate what the
maturation of unmaking materials and strategies could enable.

9.1 Scenario 1: Enabling Evolving Design

A tomato plant has outgrown its small 3D-printed starter pot and
is repotted, leaving the starter pot empty and unused. Fortunately,
the pot was designed for unmaking. UV exposure from weeks of
sitting outside has caused the pot to be broken into a collection
of items, such as a saucer for the larger pot and stakes for the
growing plant. As the tomato plant continues to grow and render
these pieces useless, the pieces can be microwaved and broken into
smaller but still usable parts. This process of creating new forms
through unmaking can continue until the pieces are small enough
such that they mix into and enrich the soil of the tomato plant.

9.2 Scenario 2: Celebrating Sustainability

A large, transparent drum teeming with a colorful potpourri of
objects sits at the front of a community makerspace where the dull,
black trash bins used to greet makers. Unmakers can feed their
used prototypes, failed prints, partially unmade objects, or scraps
into this drum. Passerbys can stop by to simply admire the colorful
medley of items currently in the drum, add water to the drum and
watch in delight as some objects melt away while others seemingly
appear out of nowhere in front of them, heat the drum and watch
other objects expand and pop, or spin the drum to observe other
objects buckle and snap. Colorful bacterial colonies in the drum
slowly feed on yet other objects, reducing some to pieces and giving
birth to new life forms. Eventually, every object becomes compost
material that is sifted into a separate tray for anyone to collect for
their garden. The concept of a trash bin has transformed into one of
an interactive, tangible, and living display of materials transitioning
from their use to end-of-life phases.

9.3 Scenario 3: Creating Aura

A 3D-printed clock made decades ago by an unmaking designer
in the family hangs proudly in the living room. Once a generic,
circular piece placed on a desk simply to tell time, its appearance
now embodies family secrets and stories. Like out of a Salvador Dali
painting, the numbers of the clock have partially melted and dripped
away from the unusually hot summer 15 years ago. Orange swirls of
rust adorn the face of the clock and become more vibrant and etched
with each passing year. From years of jostling around in moving
boxes, being misused as a frisbee, and falling off the wall, faint
cracks have formed. The family has a favorite story about certain
fractures that had suddenly — accompanied, as the story goes, with
dramatic crackling and whistling — become accentuated a few
years ago when the clock had been accidentally hung sideways for
a week. These are particularly intriguing; they seem to be revealing
some kind of message from a bygone generation, but one cannot
be sure...not yet, anyway. The clock has long ago ceased to be able
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to tell time, but it has nonetheless become a one-of-a-kind family
heirloom for what it represents and evokes and what it may reveal
in the future.

10 CONCLUSION

This paper presents unmaking — the destruction, decay, and defor-
mation — of physical artifacts as a valuable extension to making.
Artists and HCI researchers alike have long heralded the personal
values and meanings that destruction as an aesthetic and act can
bestow upon objects. Still, typically, great effort goes into ensur-
ing that designs endure and avoid destruction. We respond to this
discourse by offering an unmaking vocabulary — crack, split, pit,
shed, dissolve, bulge, lean, shrink, and sag — for digital fabrication
technologies, particularly 3D printing, to operationalize the con-
trolled unmaking of physical artifacts. Combining material selection
and structural design, we outline 5 design strategies for the un-
maker: single-material design, overt multi-material design, obscured
multi-material design, counter-stable mechanical design, and trig-
gered reactor design. We present an obscured multi-material design
strategy that places expanding microspheres inside PLA structures,
developing an accompanying software tool to modify 3D models
and demonstrating that our strategy operationalizes unexpected
unmaking operations, including splitting and bulging.

Future work in unmaking includes the fulfillment of a wider
array of our unmaking vocabulary through both software design
tools and material explorations. Additionally, we also have an envi-
ronmental obligation to focus future work particularly on realizing
the potential of unmaking design to foster sustainable practices
and material development. We hope to build upon and contribute
to the development of biological materials [21, 29, 46, 52, 53, 58],
focusing on incorporating them into mainstream digital fabrication
workflows so that their unique unmaking aesthetics may be realized
and used to inspire the development of new materials.
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