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ABSTRACT

Recent advances in digital fabrication tools have enabled designers to create physical
objects and structures with greater degrees of precision and efficiency. These forms
of contemporary manufacturing prioritize consistency in order to create identical
products whose form and behavior are easily predictable. As a result, the modern
expectation for reliable uniformity at the end of a production cycle has led both
creators and consumers to place value in maintaining a high standard of perfection.
Rather than constraining external factors that contribute to behavioral uncertainty,
manufacturing tolerances can be expanded to benefit both the design and function
of products made from organic materials. Although unstable material properties may
traditionally be considered weaknesses, it is possible to utilize aesthetic imperfection
and operational temporality in a performative manner.

With the adoption of environmentally reactive biodegradable materials, designers
must accept higher levels of unpredictability to accommodate the unknown. This
thesis considers methods to leverage high precision robotic fabrication to
functionalize unpredictable material behavior by generating tools and workflows that
can accommodate variable conditions and create value out of indeterminacy.
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Figure 1: Diagram comparing standard workflows that use inert synthetic materials to prioritize consistency with
environmentally aware workflows that use reactive organic materials to accommodate inconsistency.
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1 INTRODUCTION

The modern expectation for permanence requires vast amounts of money, resources,
and time devoted to maintenance. Made from mostly inert materials and conceived
to cater to human convenience and comfort, most objects and structures are unable
to participate in ecological systems that are inherently complex and dynamic. This
thesis explores design and fabrication methods that integrate organic materials with
reactive properties in order to challenge the dependence of traditional manufacturing
on processed synthetic materials and high standards of uniformity. From sourcing, to
production, to decay, we will consider the perception, use, and application of

biodegradable materials as alternatives to existing industrial workflows.

Current manufacturing processes depend on vast amounts of materials and
components that are shipped across the world. As a result, the financial and
environmental cost of extricating and transporting materials from source to factory
to site can be rather high, especially for rural areas that lack a robust infrastructural
network. (Ofori, 2000) Today, a building might be made of steel from Brazil, marble
from Italy, wood from Canada, and composites manufactured in China. Instead of
relying on an international supply chain, materials such as chitin, pectin, and cellulose
can be extracted from biomass grown adjacent to a construction site in a variety of
climates and locations. (Keating, 2016) These materials have the potential to be
locally farmed with limited resources and modify the standard workflow of design in

relationship to materials and production as outlined in figure 1.

Biopolymers are a sustainable and renewable resource with potential applications in
both buildings and products. As their name would suggest, biopolymers are
polymers made by living organisms. Pectin is found in the skins of most fruit. (Baker

bl

1997) Chitin is found in mycelium growing in the earth or in the shells of insects and
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crustaceans. (Peniche, Argtiell, & Goycoolea, 2008) Cellulose is found in nearly all
plant matter. The majority of the commercially available chitin is a byproduct of the
shrimp industry that is then chemically converted to chitosan. (Islam, Khan, & Alam,
2017) Pectin is typically refined from the peels of apples that have been used to make
cider. (May, 1990)

Chitosan, pectin, and cellulose are biodegradable and thus susceptible to small
changes in the environment. These biopolymers can be highly responsive to
variations in temperature and humidity both before and after production. (Mogas-
Soldevila, 2015) The reactive quality of biopolymers adds uncertainty to the

manufacture and lifecycle of products that incorporate these materials.

By better understanding the inherent structural and mechanical instabilities of
biopolymers we can harness their behavior to produce environmentally responsive
objects and structures. (Duro-Royo, 2015) Biopolymer hydrogels of various mixtures
are extruded using a custom-built 3D printer to track visual and physical changes of
objects throughout an entire year. Different material formulas, printing methods,
toolpaths, and geometries are tested to determine how manufacturing and design
parameters affect product behaviors over time. These insights provide design
guidelines for how to allow greater control over characteristics such as shape

deformation and color change in reactive biopolymer materials.
In order to accommodate the natural material behaviors of biopolymers, this thesis

will reevaluate the creative aspirations, design processes, and industrial standards that

surround both the aesthetics and performance in product and architectural design.
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How can designers embrace the inberent uncertainty in materials and fabrication processes to produce
physical objects that compensate for indeterminacy? How can we expand the acceptance of

indeterminacy to leverage inconsistency in the manufacturing process and product lifecycle?

The traditional approach to manage uncertainty is to constrain the unknown so that
it matches a preconceived design by developing tools that can predict or control the
end result. (Morse, et al., 2018) However, another broader approach is to allow the
unknown to influence the result of the original design intent by defining a range of
acceptable outcomes and establishing parameters that will ensure the result will fall
within that domain. By expanding manufacturing tolerances and encouraging a
general acceptance of higher degrees of inconsistency, we can better design with and
for the unknown to use uncertainty and imperfection to add value to the design

process.
Before exploring the implications of uncertainty with biopolymers, we will better

understand contemporary and historical attitudes towards uncertainty in the fields of

design, craftsmanship, manufacture, and culture.
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2 BACKGROUND

Incorporating uncertainty into the design process can be an added value. By
examining contemporary and historic perceptions of imperfection in figure 2, we can
better understand how to employ reactive biopolymer materials and digital
fabrication tools to design products and structures that can accommodate

environmental uncertainty.

2.1 The Perception of Inconsistency

The precision and efficiency of industrial technologies have made high standards of
perfection more easily attainable. (Rognoli & Karana, 2014) The ability of mass
manufacturing techniques to create perfect copies of industrial products has
dramatically outcompeted craft-based production. Before the industrial revolution,
the skill and knowledge necessary to achieve a level of material refinement and
formal perfection comparable to current criteria would require considerable time and
effort. However, the ubiquity of perfection enabled by standardized mass production
has undermined its perceived value. Today, many artisans and craftspeople no longer
aspire to traditional standards of perfection but instead attempt to glorify the

inconsistency that is inherent in materials and handmade products. (Pitelka, 2005)

While inconsistency has traditionally been associated with low-quality, many
designers have come to regard imperfection as desirable. (Pedgley, Sener, Lilley, &
Bridgens, 2018) The uncontrolled and accidental results of imperfect production
methods can lend authenticity and identity to an otherwise sterile set of mass-
produced items. As a result, curated imperfection has in many cases become

associated with quality. (Salvia, Ostuzzi, Rognoli, & Levi, 2011)

23



The increased cost of human labor and desire for sustainable design has reinforced
this recent shift in the aesthetic appraisal of handcrafted items vs. manufactured
products. (Walker, Evans, & Mullagh, 2019) Subsequently, many modern consumers
are increasingly willing to pay a premium for objects made by hand possibly because
of the higher cost and time associated with them. (Kruger, Wirtz, Boven, &
Altermattc, 2004) In appreciating the inconsistency of handcrafted objects, consumer
preferences imply higher value in human effort than in functional efficiency. (Fuchs,
Schreier, Stijn, & Osselaer, 2015) Since the time allocated per manufactured item is
typically negligible when compared to the time spent by an artist or craftsman
making a similar item, it follows that consumers would place higher value in objects

made by hand.

Due to the attention required to make objects by hand, many have come to desire
imperfections and inconsistencies that are the traces of the human touch. (Lilley
(2016) Textures and finishes that were once the result of working with materials
through traditional tools, techniques and technologies have now become fetishized
and replicated by industrialized methods for aesthetic rather than practical purposes.
The trend for creating intentional references to traditional hand-crafted techniques
exists in many products made from modern industrial manufacturing. It is present in
digitally printed images in the appearance of hand-scored etchings or sawn logs that
have a hand-hewn texture. In all cases, these objects contain the markers of former

material and mechanical constraints that no longer affect their production.

For example, modern copper tableware is made with smooth surfaces with industrial
machinery. However, many of the copper objects produced by these manufacturing
processes are stamped out with molds that imitate the surface texture of copper
objects that have been hammered by hand. The decision to include this reference to

imperfection is in contrast with most modern objects that are relatively defect free.
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These items nostalgically reference the aesthetic of the handmade even though the
additional texture adds no direct functional value. This may be to evoke a feeling of
familiarity with the object or to lend it the semblance of being handmade in order to

increase its perceived value.

As another example, photography has shifted the pursuit of painting away from
objective, realistic representation to that of subjective artistic expression. (Van
Gelder & Westgeest, 2011) In much the same way, analog production methods have
benefitted from establishing different qualitative metrics that distance their outputs
from the high levels of consistency of mass-manufactured products. Unable to
compete with assembly-line products to achieve the same standard of quality, crafted
objects have found added value by exaggerating inconsistency in the working
process. Rather than accepting imperfection as a negative attribution, we can
intentionally exploit qualities of imperfection to elevate products to the status of the

unique.

Inconsistency can lend character and personality to otherwise generic or
unremarkable objects. By allowing objects to achieve their own identity, consumers
can both recognize and empathize with unique objects that can allow them to
reinforce their own identity through their material possessions. In this era of post-

perfection aesthetics, inconsistency has become a marker of value.
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2.2 'The Perception of Consistency

Inherent visual biases and general rules of perception have guided both the
appreciation of natural forms and influenced the aesthetic language of human crafts
and industrial production methods. Human perception has developed to recognize
patterns and create order from visual entropy to gain spatial awareness distinguish
between objects in the environment. (Koffka, 1935) According to Gestalt
psychology, the law of Priagnanz describes the idea that the experience of the world
is simplified by human perception into simplistic forms that are regular and
symmetric. In this way, humans organize and perceive three-dimensional space by
grouping two-dimensional visual information into a hierarchy of forms within
principles of similarity, proximity, continuity, and closure. (Palmer, 1999) Scenes
exhibiting high degrees of order are easier for the mind to process and perhaps, as a

result, appear more desirable or pleasant to view.

Visual preferences for human-made objects tend to favor order, but when it comes
to natural materials, humans seem to value psychophysical qualities that exist
between randomness and order. (E. Overvlieta & Soto-Faracobc, 2011) This
includes objects in a series with shared visual characteristics and formal similarities
that exhibit acceptable variation within a predefined set of rules. This would seem to
correspond with the variable properties of natural forms that exhibit small deviations
from established typologies. But what is considered attractive to humans can be both
species and individually specific as colors, shapes, and patterns in the environment
are perceived and interpreted differently between species. (Westphal-Fitch & al.,
2012)
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2.3 'The (Objective) Definition of Perfection

Although perfection exists more as an aspiration than an entirely achievable pursuit,
a definition of imperfection requires an understanding of commonly accepted
characteristics of perfection. While perfection can take on a multiplicity of meanings
according to context and interpretations with varying degrees of specificity we will
broadly define perfection as a measurement of how closely the manifestation of an
idea matches the conceptual purity of an idea. This realization can relate to the
physical execution of an idea or how it is viewed or used. In the case of design and
manufacturing, the term perfection can refer to the correlation of the physical form

and material functionality of an item with its original design specifications.

Even though nearly every actualization will require some degree of compromise that
is imposed by the constraints of production, it is not productive to claim that no
object is perfect, and thus everything is imperfect. Instead of striving for perfection,
most designers temper their expectations to create products that are “perfect
enough,” in which there is an acceptable amount of tolerance from which an object
may stray from the standard. Beyond those acceptable limits of defects and

inconsistencies is what we would consider imperfect.

Since the range of that tolerance is by nature subjective, what qualifies for perfection
or imperfection is contestable. This uncertainty allows space to redefine what is a
desirable amount of imperfection. Both personal and cultural factors influence the
perception of beauty as it relates to inconsistency. The degree of refinement and
consistency that determines whether an object can be considered aesthetically
desirable is highly varied and is often at odds with characteristics associated with

natural materials. (Karana, 2012)
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Figure 3: A comparison of the original idealized condition of the Parthenon in an elevation drawing of the by J.
Stuart & N. Revett in 1787 (top) with the current imperfect state in a photograph of the western fagade of the
Parthenon during renovation in 2008. (bottom) (Piolle, 2008)
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Many of our contemporary notions of aesthetic perfection are heavily influenced by
western classical traditions in architecture and sculpture. Greek architecture valued
symmetry and perfection as a symbolic triumph of the intellectual order of humanity
over the chaos of nature. However, the Parthenon on the Acropolis in ancient
Athens, a seminal historical example of physical perfection, incorporates intentional
physical imperfection to create the illusion of visual perfection. (Norwich, 2001) The
perfect appearance of the building is possible through the optical refinements that

physically distort the building.

As seen in figure 3, the appearance of perfection is achieved through the entasis of
the columns compensates that for visual distortion by gradually thickening the
central shaft of the columns to make them look straight as they would in a rendered
fagade elevation. Additionally, the distance between the columns is larger at the
edges so that they appear regularly spaced, and the floor of the temple is curved
upward so that it appears horizontally level. (Pollio, 1960) In this case, these physical
imperfections were justified because they created an experience of perfection. These

same desires for visual perfection have carried over to the present.

In considering these examples, we can acknowledge that the purposeful application
of imperfection can yield results that conform to an alternate ideal of perfection. By
allowing intentional inconsistencies to inform the design process, we can use them to

support the more perfect realization of abstract ideas and human experiences.
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Figure 4: (top) Chart comparing different values of Modernism vs. Wabi-Sabi ideology. (Koren, 1994)

(bottom) Craft comparison of Tkea 365+ mug from 2020 vs. raku tea cup from circa 1600’s Japan. (Koetsu, 1600's)
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2.4 'The (Subjective) Definition of Imperfection

Wabi-Sabi is an aesthetic philosophy that appreciates the imperfect, impermanent,
and incomplete. The tradition places value in primitive forms made from natural
materials in a rustic, humble, and sometimes unconventional manner. In the same
way that Greek ideals of perfection have influenced western aesthetics, the concepts
of Wabi-Sabi have contributed significantly to the conception of beauty in Japanese
culture. However, Wabi-Sabi principles are mostly at odds with European

sensibilities that are compared in figure 4. (Koren, 1994)

Wabi-Sabi embraces the inconstancy of the natural world to accept the illusion of
permanence and the belief that all things are imperfect. The philosophy does not
idealize a standard of perfection that works against nature in an attempt to control
unpredictability. It values the use of materials that are vulnerable to the effects of

weathering and human treatment to record climactic conditions.
How can we reconcile and combine Modernist ideals with Wabi-Sabi philosophy to synthesize a new

approach to design that can fully explore the possibilities of new materials and production

technigues?
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Figure 5: Vermont white marble showing methods of constructing visual symmetry and order from book matched
and repeated veining patterns. (John, 2017)
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2.5 'The Methods of Craft

A physical manifestation of the values of Wabi-Sabi can be found in traditional Raku
pottery. The style’s irregular forms are created through a hand-shaped process rather
than the wheel-thrown process most pottery is made from. Inconsistencies in the
temperature and exposure of the ceramic glazes that are fired in a kiln and cooled in
water or air will determine the unique visual characteristics of each piece. (Rhodes,

1957) These imperfections are a celebrated byproduct of the production process.

The craft of ceramics has come a long way from the hand-crafted traditions of
artisanal Raku pottery. Modern industrialized machinery has allowed manufacturers
to produce large quantities of identical ceramic objects and building components
cheaply and efficiently. On the other hand, these manufacturing methods prioritize

consistent identical copies of a single design to impose restrictions on variability.

Despite the emphasis on uniformity, manufactured ceramic tiles often attempt to
imitate the irregular patterns and textures of wood and stone. With porcelain inkjet
printing, manufacturers can replicate the appearance of natural materials with high
precision to create artificial products that appear virtually identical to the original.
(Sanz, et al., 2012) If these perfect copies are aggregated together like the bottom vs.
the top of figure 5, it is clear that they are all human-made. The consistency of these

elements to one another is an indication of industrial methods of production.

While many existing manufacturing processes have stricter controls around product
consistency, several craft traditions purposefully utilize complex, unpredictable
material behaviors to generate aesthetically desirable results. Both paper and clay
marbling techniques are employed to create detailed irregular patterns in figure 6 that

are similar to the channels found in certain types of stone in figure 5.
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Figure 6: A comparison of traditional marbling techniques with machine-controlled mixing and pattern generation.
(top) Marbled endpapers made using hand mixing techniques with pigments in water. (Donin, 1875) (Ludwig, 1869)
(bottom) Marbled biopolymer patterns using CNC mixing paths with pigmented biopolymer hydrogels.
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Paper marbling uses various color inks that are distributed, floated, and mixed on a
liquid surface then transferred onto paper. The mixing technique and viscosity of the
pigments are factors that determine the final pattern. (Woolnough, 1881) Clay
marbling uses methods that are a 3-dimensional translation of 2-dimensional paper
marbling techniques. Different colored clays are twisted and rolled into one another
to create veined effects. These can be worked into irregular shapes, stamped forms,

thrown pottery, or cut tiles.

Much like the examples mentioned above, working with biopolymers can result in
products with unpredictable, dramatic behaviors depending on minute
environmental differences. (Tai, et al., 2018) The higher viscosity of biopolymer
hydrogels allows us to manipulate them in a manner that’s between paper marbling
and clay marbling. With our methods of multi-material hydrogel printing, we can
control the various inherent inconsistencies of traditional marbling techniques to
create visually and structurally complex yet consistently reproducible pieces. By
documenting the behavior of these biopolymers in both air and water over time, we
can understand the influence that specific fabrication techniques and material

formulas have over the manufacturing process.
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Figure 7: Historic and contemporary precedents that fetishize classical characteristics of aging and imperfection
(top) Giovanni Battista Piranesi’s etching of the ruins of the Mausoleum of Villa Gordiani in Rome in 1756.
(Piranesi, 1825-1839) (bottom) Piero Fornasetti’s “tema e variazioni” plate series. The variations on the theme of
the woman’s face shows fetishized signs of cracking and wear in classical fashions. The aesthetic mimics the
qualities of traditional etching although the process of printing onto the plates uses modern techniques.
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2.6 The Value of Age

Classical Greek aesthetic values have been passed from the Roman Empire through
the Italian Renaissance, to the English Enlightenment and continue to influence our
aesthetic preferences in the present day. The irony of this legacy is that such classical
structures have survived as incomplete fragments experienced in a vastly imperfect
state. Well-known images of temples with missing roofs and statues with broken
arms in museums have inundated western culture as precedents for high art, beauty,

and standards of perfection.

Although it was not the intention of Classical Greek and Roman architects and
sculptors, the aging of their work inspired an aesthetic that glorified and replicated
the elements of wear on their perfect forms. A famous series of engravings by the
18th-century Italian illustrator Giovanni Battista Piranesi surveyed views of the ruins
of Rome to foster a renewed appreciation of Classical historical works in an
imperfect state. Previously artists had attempted to replicate the original unbroken
forms of Classical buildings and sculptures. However, Piranesi’s work catalyzed a
movement in art that fetishized ruins, elevating the aesthetic appeal of the imperfect

state of these objects as incomplete forms. (Pinto, 2012)

Piranesi’s etchings in figure 7 acknowledged that age had conferred an aura of value
to Roman ruins that could allow an audience to visualize their history. Other
designers, such as Fornasetti in figure 7, have appropriated the incomplete aesthetics
of classical ruins to produce new pieces that appear aged. Gradually these trends that

value pre-aged possessions have made their way into consumer culture.
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During the 1970s, the punk subculture flaunted clothing that showed extreme signs
of wear as an act of rebellion against mainstream values of newness and perfection.
Visible signs of age previously signaled the end of a product’s lifestyle, but the ripped
aesthetic is now ubiquitous with distressed jeans and pre-torn jackets. Retailers
commonly charge a premium for pre-worn clothing. The aesthetic of age is another
commodity within a contemporary material culture that saturates the market with

more new items each year.

Age in the optimal degree and context can demand a premium. For example, a cell
phone from the 2000s would have little value today because the technology is largely
obsolete. In contrast, a Bell telephone from the 1870s would commission a large
amount of money despite being older and having less utility than a twenty-year-old
cell phone. (Antique Telephones Ring a Bell with Collectors, 2018) Though this
evaluation may be more related to sentimentality than functionality, objects that have

successfully withstood aging are positively associated with durability and quality.

Since the imperfection caused by age is a record of the passing of time and proof of
an object’s ability to survive, proper design and material choices can allow gradual
wear to cause objects to age gracefully through repeated use. However, there is an
equally legitimate utility in degradation as there is in durability. Material temporality

can be both functionally responsive and programmatically relevant.
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2.7 'The Natural in Artificial Materials

Synthetic materials were created due to scarcity and perceived shortcomings of
natural materials. Initially, companies did not present synthetics as copies of natural
materials but improved versions of natural materials at a heightened form that was
unrestrained in its ability to resist the temporality of the material world. As
conservationists placed synthetic materials under increased scrutiny for their
environmental impacts, they became associated with being inferior or fake versions

of natural materials. (Roosth, 2017)

Oftentimes, the same metric for resilience is used to assess value. A conventionally
successful product or architectural structure is measured by its ability to withstand
environmental wear or frequent use. However, there has been a recent shift in
objectives to design products and structures for intentional decay instead of lasting
durability in expectation of functional or aesthetic obsolescence. While some
materials do not age gracefully, the aging of others is considered desirable from both
an aesthetic and a performative perspective. (Lilley, Smalley, Bridgens, Wilson, &
Balasundaram, 2016) The copper oxidation process is a good example of a material

that naturally weathers in a manner that is aesthetically pleas.

The inherent material changes in copper have historically been accepted and
appreciated as desirable aesthetic elements in architecture and sculpture. Many well-
known sculptures that are today associated with the characteristic green patina of
oxidized copper were initially orange and brown. The process can take up to 20 years
depending on environmental conditions such as moisture and temperature. Different
copper alloys and the use of oxidizing agents can be used to either speed up, slow

down, fix or change the color of the patina. (Wang & Cho, 2009)
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The patina serves both an aesthetic and functional purpose. It forms a protective
surface layer over the copper that prevents further oxidations that would weaken the
structure of the material. Corten steel weathers in much the same way by
intentionally catalyzing material degradation. Over several months or years, the
material will quickly turn from a dark grey to form a layer of orange rust that
functions to protect the material in much the same way as copper in figure 8.

(DeNardis, Rosales-Yeomansa, Boruckib, & Philipossianab, 2010)

CHITOSAN

Oxidatior

CORTEN

COPPER

Figure §: The range of color change and time period or change in melanin and biopolymers compared to that of
metals caused by drying and oxidation.

Other organic materials also experience the positive effects of aging. Leather will
darken and soften over time. Wood will dry out, discolor and rot. They will both
inevitably dissociate and be reincorporated into the environment. (Ruel & Barnoud,
1985) While most natural materials biodegrade on their own, many artificial materials

do not degrade and must be processed and recycled for reuse in new products.
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2.8 'The Lifecycle of Products

While environmental exposure will break down natural materials, manufactured
materials often require human intervention to be absorbed and reused. With the
increasing abundance of synthetic materials in the latter half of the 20th century,
humans became responsible for finding new ecologically sustainable methods of
reintroducing waste materials into either modified production cycles or existing

ecological cycles.

The majority of contemporary reuse efforts focus on the collection and recycling of
conventional plastics back into an industrialized manufacturing product cycle.
However, material recovery facilities are highly resource intensive and unlike natural
processes, there are material limitations to recycling PET and PP. (Hopewell,

Dvorak, & Kosior, 2009)

- Virgin plastic material is needed to reform recycled plastics.
- Products with multiple materials or types of plastics must be separated.
- Plastics can only be recycled and reformed a limited amount of times.

- Recycled plastics become weaker through each reproduction cycle.

Instead of relying on inert synthetic materials that require large amounts of energy
and equipment to be recycled, designers have renewed their interest in materials that
can be naturally recycled by the environment. Timber and bamboo are examples of
naturally occurring renewable resources that can be planted, harvested, and
integrated into durable products and structures. Also, many other types of biomass
that are less durable than traditional building materials may still have many potential
applications. Despite popular interest, the use of biodegradable materials challenges

commonly held expectations of permanence in objects and spaces.
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With the abundance of technology and clothing that reaches obsolescence in short

periods, programmatic decay can be considered a desirable attribute. Designers must
find means to avoid unintentional or premature decay that impedes product utility or
functionality by understanding the relationship of environmental stimuli and material
characteristics that trigger different degrees of decay — from color, and shape-change

to full disintegration.

Figure 9: The texture of grey felt acoustic panel made from recycled PET bottles resembles the veining patterns of
white marble found in figure 2.
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2.9 The Analog in Digital Fabrication

Traditional manufacturing methods can produce large quantities of identical items
for relatively low costs but require sizeable investment to create new products with
high degrees of variation. In contrast, objects made by hand can be more cheaply
and quickly modified on an item by item basis to be personalized according to the
needs of a given user. As a result, digital fabrication platforms have managed to
compromise between the efficiency or reproducing and customizing designs. Tools
such as laser cutters, 3D printers, and CNC mills are ubiquitous in fab labs across the
world. The knowledge, software, and materials required to operate these machines
are highly accessible to users who can then quickly prototype, iterate, test, and

replicate designs. (Rosenberg & Oxman, 2010)

The ability to easily modify manufacturing methods allows fabricators to produce
highly customized products for specific situations and users based on a design
template. While these digital fabrication methods allow for higher levels of precision
and consistency than analog prototyping, the software and hardware of these tools
can be modified to produce unintended results. In some instances, designers have
purposefully added entropy to controlled manufacturing systems to create a limited
series of unique pieces such as the ceramics manufactured by Granby Workshop in
figure 10. By bridging the analog and digital with new fabrication methods and
design values, we can value the variation caused by material inconsistency and

manufacturing imperfection. (Mogas-Soldevila, Duro-Royo, & Oxman, 2015)
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Figure 10: Ceramic tiles and plates from Assemble Studio’s Granby Workshop that use intrinsic randomness of
manufacturing to create unique aesthetic variations (top) smoked firing techniques (bottom) encaustic marbling.
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2.10 The Excitement of Uncertainty

Designing for the unknown is an exploratory process that can result in surprising and
unpredictable outcomes. By embracing the unknown, designers must accept the
potential positives and negatives associated with the act of discovery. There is an
ideal balance between rigid intention and flexibility in the face of uncertainty. While
designers may direct their efforts towards accomplishing predefined goals, they
should also be accepting towards creative possibilities that are outside of their

preconceived intentions.

In some cases, the most unpredictable results are the most worthwhile. Inventions
such as fiberglass or safety glass were discovered by accident by engineers who were
attempting to find solutions for other problems but instead discovered processes for
creating new materials with unique behaviors and applications. As an example, the
discovery of fiberglass occurred when glass powder was injected into a metal layering
gun that was supposed to fuse two glass blocks but instead produced a series of glass
filaments. In another example, safety glass was supposedly discovered when a
scientist dropped an unclean flask coated with plastic cellulose nitrate that did not

shatter. (Innovations in Glass, 1999)

While the results of these experiments could be considered failures, the recognition
that these were valuable in other applications beyond their initial intention turned
potential failures into commercial successes. With a culture that promotes the value
of unpredictability in problem-solving process, designers can more readily accept

inconsistency and failure as an opportunity to learn and innovate.
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Figure 11: Diagram presenting the parallel process of transforming digital design parameters and physical material
properties into extrudable biopolymer hydrogel 3D prints.
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3 MATERIAL / MACHINE

The unpredictable behavior of products made from reactive materials can present a
variety of performative challenges and negative aesthetic biases as explored in the
previous section. In particular, the temperature and moisture sensitive properties of
biopolymer hydrogels produce a high amount of uncertainty within multiple stages
of the manufacturing process. In order to both compensate for and leverage the
reactive qualities of these water-based organic materials, the Mediated Matter Group
has designed and built a custom biopolymer 3D printer that integrates a digital
fabrication workflow with physical material tunability to create objects that can

functionalize natural behavioral indeterminacy.

To control unpredictable material behavior, we have established various design and
fabrication protocols in order to manage undesirable material uncertainty while
encouraging productive material indeterminacy as outlined in figure 11. Although the
degradation of the biopolymers is inevitable, the measures seek to limit the
circumstances in which the prints will prematurely ferment, lose shape, disintegrate,
crack, or warp. This is achieved by controlling for printing parameters such as the
extrusion speed, extrusion pressure, nozzle diameter and nozzle height as well as
environmental factors such as the material of the print bed or the temperature and

humidity of the print room.

At the same time, these procedures are flexible enough to allow for continued
experimentation and are not intended to fully constrain the reactive qualities of the
water-based materials. The fact that the printed biopolymer skins can change and
react over time is a desirable feature of the material that has a practical potential and
aesthetic appeal. The biggest challenge of working with biopolymers is finding the

ideal balance between control and uncertainty.
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Figure 12: Pectin formula material property diagrams visualizing composition, pH, hydrophilicity, hysteresis,
surface tension, surface roughness and printing parameters. (b#tps:/ / designedecologies.com/ Properties)
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3.1 Definitions of Material Indeterminacy

The complex relationship between precision additive manufacturing and
environmentally responsive material characteristics is difficult to visualize in a
consolidated format. It is difficult to represent the specific environmental conditions
that effect different material qualities and understand how to constrain or modify the
intensity of these effects by changing printing parameters or toolpaths. By
consistently scaling and superimposing quantitative visual data, it is possible to
compare information across different criteria in figure 12. This is useful in creating a
visual vocabulary to act as a design reference to visually understand how to adjust

fabrication settings and tune different material properties.

Based off of the historical and contemporary survey of imperfection, I will define

three criteria for describing indeterminacy in biopolymer materials.

3.1.1 Visual

Inconsistencies in color, patterning, transparency, surface texture and geometry
which result from manufacturing processes, material characteristics and effects of

weathering.

3.1.2 Structural
Variations in stiffness, hydrophilicity and shape that occur over time from changes in

the environment.

3.1.3 Functional

Multiple uses that change over a product’s lifespan in response to the needs of users.
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3.2 Sources of Material Indeterminacy

3.2.1 Material

The material mixtures are based on a percentage value of volume to weight for water
to powder. The primary ingredients are apple pectin, shrimp chitosan, vegetable
glycerin, plant cellulose, and water in figure 13 with other organic additives that

modify color and surface texture in figure 14.
Base Layer

The concentration of chitosan in our hydrogel base layer formulas is between 0% -
8%. Hydrogel mixtures containing more than 8% of chitosan will frequently cause
jamming in thinner nozzles. In addition, the higher concentrations of chitosan come
with a higher probability of warping and tearing as the hydrogel films dry on the
print bed.

The formulas for the hydrogel base layer typically contain between 25% - 35%
pectin. Anything more than 40% becomes difficult to blend into an extrudable
solution. Hydrogels with a concentration of 25% pectin are relatively liquid and will
diffuse outwards and mix more readily. On the other hand, hydrogels with a
concentration of 32% pectin will have higher viscosity to remain more distinct when
mixed. When pectin formulas of significantly different viscosities are blended, the

resulting hydrodynamic interactions can generate complex surface patterns.
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Surface Layer

The concentration of chitosan in our hydrogel surface layer formulas is between 5%
- 7%, while the concentration of powdered cellulose in our hydrogel surface layer

formulas are between 7% - 12%. The amount of acetic acid is consistently 5%.

The cellulose hydrogels dry much faster than the pectin hydrogels and can be printed
in multiple consecutive layers because of their rigidity. The cellulose provides fibers
form strong internal bonds that stick to the base layer and provide a more rigid
structure to the dried hydrogel films. The surface layer is printed as lines rather than
infills because of the high rate of shrinkage caused by the chitosan and acetic acid.

Denser toolpaths printed using the cellulose hydrogels tend to tear themselves apart

due to the internal forces caused by shrinkage.

Figure 14: Series of 360 ml cartridges containing colored pectin hydrogel. (left to right) Black — Charcoal, Dark
Blue — Indigo, Dark Green — Spirulina, Green — Matcha, Yellow — Turmeric, Dark Red — Beet, Dark Brown —
Cinnamon, Brown — Pomegranate, Light Orange — Chitosan, Orange — Standard, Light Tan — Calcium.

52



Fermentation

Each cartridge of hydrogels can contain approximately 360 ml of material. These are
stored with a piston and a self-venting outlet cap to minimize the exposure of the
hydrogels to oxygen that would catalyze fermentation. Even so, these materials have
a limited shelf life. Pectin based materials tend to ferment and lose their consistent
viscosity after a period of 3 — 7 days. Over time, the print parameters will change,
and the speed and pressure need to be adjusted to accommodate the change in

viscosity.

After the fermentation process reaches a certain point, the hydrogels will become too
liquid to hold their forms and spread over the printing surface. The drying time for
fermented materials typically increases and becomes more difficult to remove from
the aluminum print bed. Depending on the temperature, different material formulas

will ferment at different rates in figure 15.

In order to extend the shelf life of the pectin materials, the cartridges can be frozen
to stop the fermentation process. During periods of high-volume production, the
pectin hydrogels are mixed according to daily needs and stored in cartridges at colder
temperatures in a refrigerator. While previous cellulose hydrogels hardened and
become unextrudable between 1 — 3 days, newer material formulas have extended

the printability of the material indefinitely.
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3.2.2 Manufacture

A custom made 3 Axis CNC gantry controls the position of the print head over a 4’
x 8 printing surface. The X and Y-axis of the machine are actuated by two pairs of
NEMA 17 stepper motors that move along aluminum extrusion rails connected to
timing belts. The Z-axis is controlled by a linear actuator that moves the print head
with a worm screw. A fixed cartridge container with an airtight connector allows

users to swap out cartridges easily. The entire printing assembly cost about $6,000.

End Effector

The end effector consists of a pneumatic system with a pressure regulator that
pushes a piston into a cartridge to extrude material through a tip adaptor attached to
a nozzle of varying diameters in figure 16. The size of the nozzle will control the
width and precision of the extruded material on the toolpath. A thinner nozzle will
extrude less material at a time to allow for higher degrees of precision. In
comparison, a wider nozzle will extrude more material to allow for more efficient

print times.

For purposes of consistency, we have chosen to use a 16-gauge diameter nozzle that
allows a balance between precision and efficiency. The pressure and speed can be
predefined or overridden mid-print to deposit more or less hydrogels on the print-
bed. The printer is programmed to cut off the pressure and lift the nozzle as it
moves between the start and endpoints of consecutive toolpaths. The nozzle height
and diameter determine the precision of the biopolymer prints. Typically, the nozzle
is 2-6 mm from the printing surface to ensure that the materials are being precisely
extruded to the correct regions. If the nozzle is much farther away than 5mm, the

hydrogels will extrude with slight inconsistencies that will cause coiling.
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Figure 16: (top) Technical isometric drawing of the CNC biopolymer printing gantry showing print and drying
beds. (bottom) Detail drawing of the end effector with removable cartridges and nozzles diameters.
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Toolpaths

The toolpaths are typically generated as continuous vectors with minimal breaks
using CAD software such as Rhino through scripting, parametric tools, or drawing
manually. These programs are used to generate vector toolpaths that infill a closed
shape with interior voids to make smooth hydrogel films or interconnected lattices
from overlapping irregular toolpaths. The vector toolpath information is converted
into G-Code by a grasshopper rhino plug-in that is opened by a Universal G-Code

Sender before activating the microcontroller to operate the motor driver and

pressure regulator in figure 17.

7 G_Code_Save_1.txt - Notepad

~|File Edit Format View Help
621 -
G990
M4
so
G1 s0 X63.9320347329371 Y157.994288610366 780.3838946201423 F10000 (0)

G1 s X63.9320347329371 Y157.994288610366 Z90.3838946201423 F5000 (1)

S700
G4P1
G1 $700 X63.3925543372633 Y158.258101364704 790.3844587989785 F5000 (2)

‘|61 s700 x63.3586240188656 Y157.344408480678 290.394229398392 F5000 (3)

G1 s700 X64.2470274692439 Y157.000469863757 Z90.3923586508278 F5000 (4)

|61 5700 X65.043047790276 Y157.550257311569 790.3817142031413 F5000 (5)

G1 s700 X65.176759247347 Y158.516197740102 7Z90.3707896332228 F5000 (6)
Gl $700 X64.6264753162767 Y159.327037860596 Z90.3656902083153 F5000 (7)
G1 5700 X63.689897083709 Y159.626143181614 Z90.3683253956589 F5000 (8)
G1 s700 X62.7495684226423 Y159.331139644163 790.3772092331815 F5000 (9)
G1 s700 X62.1170794610557 Y158.573035918458 Z90.389046942363 FS5000 (10)
G1 5700 X61.9615052616299 Y157.596671494674 790.4002258148592 F5000 (11)
G1 s700 X62.3014291849 Y156.667093186526 Z90.4078548487928 F5000 (12)
G1 $700 X63.035588533802 Y156.001849842288 790.4102867947208 F5000 (13)

G1 <700 X63.99A2152712784 Y155.734AR5531575 790.4A77077A97981 F5A0A (14) 2

Ln 1, Col 1 100%  Windows (CRLF) UTF-8

Figure 17: Digital printing process showing translation from vector paths in Rhino to G-Code coordinates in
Grasshopper to UGS communication with printing gantty to physical print.
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Figure 18: Biopolymer printing gantry photo with perspective elevation drawing showing set up in print room
with end effector, print bed, drying beds and integrated lighting for imaging and recording experiments.
(bttps:/ [ designedecologies.com/ Printer)
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Print Bed

The hydrogels are extruded onto a removable sheet of aluminum and allowed to dry
in figure 19. Depending on the material formula, print thickness, room temperature,
airflow, and humidity, the base layer of these prints will take somewhere between 18
to 36 hours to solidify and dry to a point at which they can be removed from the
printing bed using chisels or scrapers. Once the hydrogels solidify on the aluminum
bed, they must be removed within 4 — 8 days. If the hydrogels are allowed to dry on
the print bed for extended periods, they risk rigidifying and sticking to the aluminum.
After numerous tests, 1/16” x 4’ x 8 aluminum sheet was chosen as an ideal printing
surface for its smooth finish and lightweight rigid structure. The aluminum sheets are
flattened, leveled, and fixed in place with a set of neodymium magnets that allow the

print beds to be easily interchanged while ensuring they are precisely secured.

Swapping print beds avoids slowing down the production process with longer
material drying times. In figure 18, the 3D printer is outfitted with two additional
tull-sized drying racks underneath the print bed with an array of five 20” box fans to

circulate air and speed up the drying process without causing material cracking.
The design of the printer includes storage for additional cartridges of materials in

addition to rails for mounting lighting and imaging equipment that can track and

create time lapses of the printing and drying process.
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Figure 19: Biopolymer printer extruding pectin hydrogel onto aluminum print bed with close up of wet surface.
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3.2.3 Environment

The biopolymer printer is located in a closed room that has temperature controls, a
humidifier, and air circulation. Since the hydrogels are highly reactive to minute
changes in the environment, varying the temperature and humidity of the printing
space would require constant readjustment of other extrusion-based printing
parameters. The temperature and humidity of the print room are regulated at about
70 degrees Fahrenheit with low humidity of about 40%. There are no windows to
allow in sunlight that could otherwise affect the heating and drying of the hydrogel
prints. The controlled environment allows the hydrogels to be printed under uniform

conditions with greater predictability over the results of the fabrication process.

Drying

Experimentation with heating pads placed underneath the aluminum print beds
yielded unreliable results. Although the higher temperatures caused the hydrogels to
dry more quickly, the biopolymer surfaces experienced higher rates of tearing and
warping while remaining attached to the print bed. Approximate room temperature

environments allow adequate time for drying without causing excessive deformation.
Additionally, consistent airflow over the surfaces of the wet hydrogels can accelerate

the evaporation of moisture within the material without causing considerable tearing

or warping.
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LAYERED MULTI-MATERIAL

Figure 20: Diagram showing fabrication processes using layered vs. multi-material hydrogel 3D printing methods.
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4 FABRICATION / METHOD

The biopolymer printer employs two primary methods for depositing materials on
the print bed: layered printing and multi-material printing. While they both use the
parallel computer controls and mechanical hardware, the toolpaths for each method
of printing are generated using different techniques and extruded under different
conditions in figure 20. The methods primarily diverge in the time period between
successive printing sequences of different material compositions. With layered
printing each sequence is extruded o7 f9p or next to the previous dry layer, whereas in

multi-material printing each sequence is extruded 7 # the previous wet layer.

Each method can be adjusted to create distinct degrees of material diffusion and
color gradation. Layered printing methods will produce biopolymer sheets with
varied surface thickness with materials contained on distinct strata. In contrast,
multi-material printing methods will create zones of material density in a continuous
biopolymer sheet of uniform thickness. Biopolymer sheets printed with the two
different methods using the same materials and toolpaths will appear and behave

much different from one anothet.
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4.1 Layered Printing

41.1 Print Order

Each biopolymer layer consists of different material formulas printed on top of one
another after the previous one has dried. The base layer typically consists of a flexible
pectin material formula to facilitate removal from the print bed. After this layer has
dried for at least 18 hours, subsequent rigid layers of chitosan and cellulose material

formulas are printed on top to provide additional thickness and structure.

4.1.2 Toolpath

The toolpaths fall into two categories of infills and lattices. The base layer is printed
using infill toolpaths to create mostly continuous surfaces. Infill toolpaths are
comprised of parallel or spiral vectors spaced equally between 1.5 mm to 2.5 mm
apart. Adjacent regions can be printed with similar viscosity material mixtures to
solidify as a single surface. In contrast, the surface layers are printed using lattice
toolpaths in a variety of different patterns. Because of the high rates of shrinkage in

the surface layer, the toolpaths are designed to avoid areas of significant density.

4.1.3 Nozzle Height

The distance of the nozzle from the print surface determines the precision of the
printed toolpaths. With each successive layer, the nozzle height is adjusted to
compensate. If the nozzle is too close to the print surface, the material will not
extrude completely. If the nozzle is too far away, the material will be deposited on

the print surface irregularly.

64



4.2 Multi-material Printing

4.2.1 Print Order

Each biopolymer layer consists of different material formulas printed into one
another while they are still wet. The hydrogels can be blended on the print surface to
create graded material transitions between regions. The base layer consists of an infill
path with a lower toolpath density. The subsequent layers are printed directly into
the first layer before it can begin to dry. Depending on the material formula and
environment, hydrogels can be printed and mixed within 2 to 3-hours before they
lose their fluidity and solidify. Hydrogel surfaces with the same materials and
toolpaths will have noticeably different appearances because of the different order in

which they’re printed.

4.2.2 Toolpath

The base layer uses a low-density infill path and with high-density lattice paths for
subsequent layers. The toolpaths deposit additional material and mix existing
hydrogel layers already on the print bed. The pattern, direction, and speed of

toolpaths affect how successive layers are mixed.

4.2.3 Nozzle Height

The depth of the nozzle in the hydrogels determine the layering of different materials
and the layers mixed. Hydrogels can either be printed below, inside, and on top of
materials on the print bed. Slight changes in the height of the nozzle can result in

dramatically different appearances.
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Figure 21: Diagram showing the general visual and structural changes of layered and multi-material biopolymer
prints caused by drying, warping, tinting and stiffening over time.
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5 TRACKING / QUANTIFICATION

Factors such as temperature and humidity continue to affect the behavior of the
biopolymers in the weeks, months, and years post-production in figure 21. Over time
the surfaces will curl and darken as the material continues to dry. The biopolymer
prints will experience varying degrees of shape and color change that are accelerated
and exaggerated by higher temperatures and dryer environments. Hydrogel mixtures
containing more significant concentrations of chitosan will typically exhibit higher

degrees of color, shape, and structural change more rapidly in figure 22.

5.1 Color

As the printed hydrogels dry, the materials darken in color. The standard pectin chitosan
hydrogel formula dries into a light orange-yellow color. Over time, the prints will
gradually change from a dark orange into a reddish-brown and eventually to a very
dark brown. This behavior affects material mixtures that contain organic pigments to
darken chitosan hydrogels containing turmeric, beet, spirulina, and matcha powder.
Materials mixtures with pigments such as charcoal or indigo will not turn noticeably
darker primarily because of their already dark appearance. In contrast, pectin material
mixtures without chitosan will often lose their vibrant colors and turn lighter with a

whitish surface coating when exposed to more humid environments.

5.2 Shape

As the printed hydrogels dry, the materials shrink. This process begins immediately after the
biopolymers have been extruded onto the print bed with the most noticeable

thinning and shrinkage occurring during the first 48 hours. Additional moisture loss
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over time will cause the solidified surfaces to continue to shrink more slowly. The
difference in rates of shrinkage of a top surface vs. a bottom surface will cause
materials to deform from being flat to curved. The deformation is partially caused by
adjacent regions that exhibit different levels of water loss. Exposure of a top surface
to more air and heat will allow it to dry faster and deform more than the bottom
surface. Pectin formulas containing chitosan and calcium will warp the most

dramatically in environments with higher temperatures.
5.3 Structure

As the printed hydrogels dry, the materials become more rigid and brittle. With the gradual loss
of moisture, the biopolymer surfaces lose their initial flexibility. Material formulas
without chitosan will retain their flexibility for extended periods, while formulas
containing calcium carbonate, cellulose, and chitosan will become rigid and brittle
much more quickly. The pattern of the toolpaths and the air bubbles formed during
extrusion and drying can create varied surface textures. Additionally, material

formulas containing cinnamon and chitosan will exhibit a rougher surface texture.

SHAPE

Figure 22: Diagrams showing general color, shape and structural changes in biopolymers over the course of a year.
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6 CASE STUDIES

A large amount of external factors outside of the control of the fabrication
environment affect the behavior of biopolymer prints over time. A set of
experiments that each control for different designed variables were printed and
recorded in order to test for and correlate the changes that result from various
material mixtures, toolpaths, aggregated geometries, printing methods, climatic
exposures and environments. The patterns of deformation and color change of the
experiments 2-dimensional surfaces and 3-dimensional aggregate forms give insight
into how materials composition and manufacturing methods can be adjusted to
create programmable degradation that results in predictable shape, structure, and
color change. By concentrating pectin hydrogels with higher concentrations of
chitosan in distinct areas layered with oriented cellulose latticed, it is possible to drive
more extreme material deformation in targeted regions within a single composite
sheet of material. The strategic placement of pectin hydrogels with glycerine allows

for areas of higher flexibility that can be folded and adhered to adjacent surfaces.

This series of 9 experiments have been grouped and labeled according to their
relative global geometries, material composition and printing methods. The naming
convention for each series contains a letter that corresponds to the general shape of
each flat print (the letter O refers to the circular shape of the O swatch experiments
while the letter X corresponds to the cross shape of the X swatch experiments).
They were designed and printed between September 2018 and April 2019. Their
visual and structural changes have been tracked from October 2018 to April 2020 for

periods up to a year in length.
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Figure 23: Pectin/ chitosan mixture formula printed in circular diameter swatches with spiral and parallel ioolpaths.
(top) vector toolpaths, (middle) print after 1 month, (bottom) print after 9 months. 3” x 3”
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6.1 O Swatch

These experiments examine how different material formulas and printing methods
react to different environmental conditions. Each material formula is printed as a
base layer of pectin in a 3” circular swatch with both a parallel and spiral infill
toolpath. Additional swatches are then printed onto with separate layers of both
white and black cellulose lattices. Three sets of swatches (base layer; base layer +
white chitosan, base layer + black chitosan) are exposed to 4 elements over time: air,

water, earth and fire in figure 24.

The visual changes of each material formula are tracked for various periods:

- Exposure to air is recorded every 3 months for a period of 9 months.
o Changes in color and shape are visible in figure 23.

- Exposure to water is recorded every day for a period of 8 days.
o Dramatic changes in solidity and composition are visible.

- Exposure to earth is recorded every 2 months for a period of 8 months.
o Dramatic changes in color and shape are visible.

- Exposure to heat is recorded for the duration of 15s, 30s and 45s.

o Dramatic changes in color and surface roughness are visible.
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Figure 24: Matrix of O swatches showing tunable variation in material qualities using different pectin formulas,
toolpaths, printing methods, heat and air exposures.
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Ten different material formulas are tested:

- Standard: https://designedecologies.com/standard

- Chitosan: https://designedecologies.com/chitosan

- Calcium: https://designedecologies.com/calcium

- Turmeric: https://designedecologies.com/turmeric

- Beet: https://designedecologies.com/beet

- Cinnamon: https://designedecologies.com/cinnamon

- Matcha: https://designedecologies.com/matcha

- Spitulina: https://designedecologies.com/spirulina

- Indigo: https://designedecologies.com/indigo

- Charcoal: https://designedecologies.com/charcoal

The chitosan and calcium swatches exhibit the highest degrees of deformation and most dramatic

color change over 4 months excposed to air. See appendix 9.2.1
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Fignre 25: Comparison of the deformation of X swatch prints aged over 1 year with (left) pectin/chitosan and

cellulose composition vs. (tight) pectin/chitosan, cellulose, and pectin composition.
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6.2 X Swatch

These experiments examine how different material formulas, print orders and
toolpaths can affect deformation over time. Each material formula is printed with a
base layer of pectin in a 5 /2" cross shaped swatch with a parallel infill toolpath. A
layer of cellulose hydrogels is printed with variable density lattice patterns. In select
swatches a 3* layer of pectin hydrogel is printed either on top or below the cellulose
layer. The breaks in the geometry of the X shape are intended to allow the surfaces
to exhibit greater shape change over time. The collection of different swatches is

then exposed to air in figure 26.

The visual changes of the swatches are tracked for a period of time.
- Exposure to air is recorded during the first month and at 12 months.
- Swatches are imaged with and without backlighting in plan and side view.

o Changes in color and shape are visible in figure 25.

6 different sets of 4 swatches are tested that control for the same toolpaths but vary

the material formula and print order: https://designedecologies.com/X-Swatch-1

- Pectin layer + Cellulose layer.
o Minimal shape and color change.
- Pectin Chitosan layer + Cellulose layer.
o  Moderate shape and color change.
- Pectin Chitosan Acetic Acid layer + Cellulose layer.
o Minimal shape and dramatic color change.
- Pectin layer + Cellulose layer + Pectin Chitosan layer.
o Dramatic shape and color change.
- Pectin Chitosan layer + Cellulose layer + Pectin layer.

o Dramatic shape and color change.
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Pectin Chitosan layer + Cellulose layer + Pectin Chitosan layer.

o Dramatic shape and color change.

Multiple different sets of swatches are tested that control for material formula and

print order but vary toolpaths: https://designedecologies.com/X-Swatch-2

Pectin layer + Cellulose layer with 16 swatches.
o Minimal shape and color change.
Pectin layer + Cellulose layer + Holes with 12 swatches.
o Minimal shape and color change.
Pectin Chitosan layer + Cellulose layer with 8 swatches.
o  Moderate shape and dramatic color change.
Pectin Chitosan layer + Cellulose layer Holes with 3 swatches.
o  Moderate shape and color change.
Pectin layer + Cellulose layer + Pectin layer with 6 swatches
o Dramatic shape and color change.
Pectin layer + Pectin layer + Cellulose layer with 6 swatches
o Dramatic shape and color change.
Pectin layer + Cellulose layer + Pectin Chitosan layer with 2 swatches

o Dramatic shape and color change.

The material composition and print order have a nuch more dramatic effect on shape change over

time than does the variation of tool pathing in the cellulose layer. Although the lack of significant

shape change in the sets that were testing for toolpathing may be due to different storage conditions

that they were kept in. See appendix 9.2.2

77



4 AXIS

DIGITAL

TMONTH

Figure 27 Comparison of the deformation of X flower prints aged over 1 year with (left) pectin/chitosan and
cellulose composition vs. (tight) pectin/chitosan, cellulose, and pectin composition.
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6.3 X Flower

These experiments examine how different material formulas can affect the
deformation and color change of an aggregate, folded object over time. Each
assembly is made of 8 folded X swatches printed with varying cellulose toolpath
layers on top of a pectin base layer. Each swatch is folded and pinned at a different
degree angle to nest within one another. The swatches are attached to one another

from their central point. The collection of aggregated swatches is exposed to air.

The visual changes of the assemblies are tracked for a period of time.
- Exposure to air is recorded during the first month and at 12 months.
- Swatches are imaged with and without backlighting in plan and side view.

o Changes in color and shape are visible in figure 27.

8 different sets of 8 swatch folded assemblies are tested that control for the same
toolpaths but vary the material formula with 8 different types of pectin: Standard,
Chitosan, Calcium, Turmeric, Beet, Matcha, Spirulina and Charcoal.

https://designedecologies.com/X-Flower

The assemblies do not exchibit exctreme degrees of color or shape change largely due to their lack of
chitosan content. Because the swatches are shrinking at the same rate and the connections between

pieces are fairly flexible, the aggregate forms avoid tearing and deformation. See appendix 9.2.3
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Figure 28: Comparison of the deformation of V skull prints aged over 1 year with different 2-dimensional
geometries and 3-dimensional forms.
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6.4 'V Skull

These experiments examine how biopolymer surfaces wrapped over rigid structures
may shrink and deform over time. Steel rod is welded into volumetric faceted frames.
The hydrogel toolpaths are designed to match the shape and dimensions of specific
areas on the frame. The base layer consists of a pectin chitosan sodium hydroxide
formula that is printed as parallel infill paths. A second layer of pectin is printed as
an infill onto areas that will bend around or attach to the steel frame. This layer has a
higher concentration of pectin to allow for flexibility. When wet, the pectin can be
stuck onto the metal frame. Once dry, the surface will adhere to the metal frame on
its own. The last layer is a lattice toolpath of cellulose that adds structural rigidity to

the areas between the folds in the biopolymer skin.

The visual changes of the wrapped frames are tracked for a period of time.
- Exposure to air is recorded during the first month and at 12 months.
- Prames are imaged with and without backlighting in plan, back and side view.

o Changes in color and shape are visible in figure 28.

3 wrapped frames of different sizes with 2, 3 and 4 biopolymer surfaces with
duplicates are tested that control for the same materials and print orders but vary the

3-dimensional geometries: https://designedecologies.com/V-Skull

The biopolymer skins tend to shrink over the rigid metal frames to tear in some areas and decobere

from the frame in others. There is significant color change. See appendix 9.2.4
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Figure 29: Comparison of the deformation of U fold aggregate prints aged over 1 year.
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6.5 U Fold

These experiments examine how centrally aggregated and nested biopolymer
surfaces may deform over time. A series of bilaterally symmetric prints are composed
of a pectin chitosan infill base layer with a cellulose lattice surface layer. The center
lines of each print have a region of pectin infill printed above the cellulose lattice. A
set of 10 different prints are clamped along the wetted central pectin spine to adhere
all surfaces together. The edges of each of these surfaces are exposed to a humidifier

and folded into adjacent surfaces.

The visual changes of the aggregate surfaces are tracked for a period of time.
- Exposure to air is recorded during the first month and at 18 months.
- Folded shapes are imaged with and without backlighting in plan view.

o Changes in color are visible in figure 29.

1 nested aggregate of 16 biopolymer surfaces are tested that control for the same
materials and print orders but vary the 3-dimensional geometries:

https://designedecologies.com/U-Fold

Althongh the symmetrical aggregate does not excperience major deformation, portions have cracked

due to internal pressures. There is significant color change. See appendix 9.2.5
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Figure 30: Comparison of the deformation and color change of T fold prints aged over 1 year with different 2-
dimensional geometries and 3-dimensional forms.
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6.6 T Fold

These experiments examine how centrally aggregated and folded biopolymer surfaces
may deform over time. A series of bilaterally symmetric prints are composed of a
pectin chitosan infill base layer with a cellulose lattice surface layer. The center lines
of each print have a region of pectin infill printed above the cellulose lattice. A set of
4 different prints are clamped along the wetted central pectin spine to adhere all
surfaces together. The edges of each of these surfaces are exposed to a humidifier

and folded into adjacent surfaces.

The visual changes of the aggregate surfaces are tracked for a period of time.
- Exposure to air is recorded during the first month and at 12 months.
- Folded shapes are imaged with and without backlighting in plan view.

o Changes in color and shape are visible in figure 30.

2 folded aggregates of 4 biopolymer surfaces are tested that control for the same
materials and print orders but vary the 3-dimensional geometries:

https://designedecologies.com/T-Fold

Although the aggregates are shaped symmetrically, they do not deform consistently on either side of a

single piece. There is significant color change. See appendix 9.2.6
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21'x12'x 12" 235" x 115" x 115"

Figure 31: Comparison of the deformation and color change of Y fold prints aged over 1 year with different 2-
dimensional geometries and 3-dimensional forms.
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6.7 Y Fold

These experiments examine how radially aggregated and folded biopolymer surfaces
may deform over time. A series of bilaterally symmetric prints are composed of a
pectin chitosan infill base layer with a cellulose lattice surface layer. The cellulose
surface layer is generated to align to specific vectors that encourage creasing the
surfaces along predefined ridges. The center lines of each print have a region of
pectin infill printed above the cellulose lattice. Regularly spaced holes on the print
allow the surfaces to be clamped and joined together. Two sets of 3 identical prints
are clamped along the wetted central pectin spine to adhere all surfaces together. The
edges of each of these surfaces are exposed to a humidifier and creased along the

toolpaths.

The visual changes of the aggregate surfaces are tracked for a period of time.
- Exposure to air is recorded during the first month and at 12 months.
- Folded shapes are imaged in plan and angled view.

o Changes in color and shape are visible in figure 31.

2 folded aggregates of 4 biopolymer surfaces are tested that control for the same
materials and print orders but vary the 3-dimensional geometries:

https://designedecologies.com/Y-Fold

Although the aggregates are shaped symmetrically, they do not deform consistently on either side of a

single piece. There is significant color change. See appendix 9.2.7
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Figure 32: Comparison of the deformation and color change of I crease prints aged over 1 year with different 3-
dimensional forms.
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6.8 1 Crease

These experiments examine how creased biopolymer surfaces may deform over time.
A series of bilaterally symmetric prints are composed of a pectin chitosan infill base
layer with a cellulose lattice surface layer. The edges of each print have a region of
pectin infill printed above the cellulose lattice. The edges of each of these surfaces
are wet and folded over to connect to themselves. The volume is pinched and

creased along its ridges.

The visual changes of the creased surfaces are tracked for a period of time.
- Exposure to air is recorded during the first month and at 12 months.
- Folded shapes are imaged in plan and side view.

o Changes in color and shape are visible in figure 32.

4 creased surfaces are tested that control for the same materials, toolpaths and print

orders but vary 3-dimensional geometries: https://designedecologies.com/I-Crease

The pieces excperience moderate shape change and significant color change. See appendix 9.2.8
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Figure 33: Comparison of the deformation and color change of + crease prints aged over 1 year with different 2-
dimensional geometries and 3-dimensional forms.
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6.9 + Crease

These experiments examine how creased biopolymer surfaces may deform over time.
A series of radially symmetric prints are composed of a pectin chitosan infill base
layer with a cellulose lattice surface layer. The cellulose surface layer is generated to
align to specific vectors that encourage creasing the surfaces along predefined ridges.
The sides and ridges of each print have a region of pectin infill printed above the
cellulose lattice. The edges of each of these surfaces are exposed to a humidifier and

creased along the toolpaths.

The visual changes of the creased surfaces are tracked for a period of time.
- Exposure to air is recorded during the first month and at 12 months.
- Folded shapes are imaged in plan and side view.

o Changes in color and shape are visible in figure 33.

4 sets of 2 biopolymer surfaces with 2, 3, 4 and 6 axis of symmetry are tested that

control for the same materials, toolpaths and print orders but vary the 3-dimensional

geometries: https://designedecologies.com/Crease

The pieces excperience significant non-symmetric shape and color change. See appendix 9.2.9
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Figure 34: Comparison of the deformation and color change of * flat prints aged over 1 year with different 2-
dimensional geometries and 3-dimensional forms.
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6.10 * Flat

These experiments examine how multi-material biopolymer surfaces will change over
time. A series of radially symmetric prints are composed of a pectin infill base layer

containing pigmented additives that are printed into one another while still wet.

The visual changes of the creased surfaces are tracked for a period of time.
- Exposure to air is recorded during the first month and at 12 months.
- Folded shapes are imaged in plan and side view.

o Changes in color and shape are visible in figure 34.

64 multi-material biopolymer surfaces with 3, 4, 5 and 6 axes of symmetry are tested

that vary materials, toolpaths and print orders: https://designedecologies.com

The pieces excperience minimal shape and color change. See appendix 9.2.10
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Figure 35: Diagram illustrating the design and implementation process for creating site specific structures from
locally grown materials capable of reacting to the climate and organisms in an ecology.
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7 CONCLUSION

Although the case studies were made as explorations in 2-dimensional pattern
generation and 3-dimensional form finding within the constraints of the biopolymer
materials and CNC gantry rather than to serve a specific function, they provide
meaningful insight into the use of biopolymers in structures and products made from

site sourced materials in figure 35.

7.1 Application

Chitosan, pectin and other biopolymers are broadly appealing because they require
few resources and create low environmental impacts. These materials are largely non-
toxic to both people and the environment. Chitosan is already widespread in the
food and beverage industry as both a nutritional additive, antimicrobial coating and
disposable packaging. In biomedicine, there is promising potential for chitosan to be
used in drug delivery and tissue engineering because of its biocompatibility,
antibacterial properties and ease of processing into different forms. (Crini &
Lichtfouse, 2019) In building components, biopolymers can be incorporated into

mortars or concrete to augment their functionality. (Plank, 2004)

Biopolymers offer a potential alternative to conventional single-use plastics in a
variety of industries. Although the material properties of pectin and chitosan are not
ideal for durability, their ability to quickly decay in natural environments is ideal for
short-term use products. (Rydz, Musiol, Zawidlak-Wegrzyniska, & Sikorska, 2018)
The increasingly widespread adoption of these materials comes with a social shift
towards environmentally responsible materials and technologies that value

imperfection and temporality over permanence.
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Figure 36: Diagrams illustrating changes in temperature and relative humidity from May 2019 — February 2020
responsible for color and shape change in the biopolymer prints located in (top) the CUBE Design museum and
(bottom) Cooper Hewitt Design Museum.
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7.2 Physical Exhibition

The biopolymer experiments have been displayed in museums such as the Cooper
Hewitt and CUBE in 2019, the MoMA in 2020, and the upcoming SF MoMA show
in 2021. The pieces have shown noticeable effects of aging and color change during
the exhibitions due to the different environmental conditions in each venue. The

pieces were publicly displayed from periods of three to nine months.

The + Crease prints shown in the CUBE museum in the Netherlands experienced
dramatic visual changes that were noticeable to visitors during the nine months
between the beginning of to the end of the exhibition in figure 36. The 3-
dimensional forms gradually sagged and hardened because of the way they were
hung and secured at points with pins against the vertical display board. The
biopolymer prints in this series contained higher concentrations of chitosan that

caused increased shape and color change.

The * Flat prints shown in the Cooper Hewitt in New York experienced far less
dramatic visual changes than the + Crease prints during the same nine-month
period. Not only were these pieces flat, but they were secured to the vertical display
board with netting that evenly distributed forces that may otherwise have caused
irregular deformation. The biopolymer prints in this series contained little or no

chitosan that would have contributed to shape and color change.
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Figure 37: Website pages displayed on computer and mobile formats with homepage and case study pages with

dynamic slideshow and scrolling interfaces to compare toolpaths and material deformation over time.
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7.3 Digital Platform

Unlike this thesis document, which will be set static and unchanged in both pdf and

print formats, the website is an ever changing medium of expression. The website at

https://designedecologies.com/ in figure 37 is an ongoing project that will be

continually added to, modified, and improved over time.

When attempting to describe inherently visual characteristics, text has its limitations.
In addition, figures containing static images and diagrams are not well suited to
showing the behavioral trends of these biopolymer materials. To accommodate these
shortcomings, the website presents the material experiments in an easily accessible
format. Animations and superimposed slideshow images allow for a more intuitive
comparison that tracks the shape deformation and color change of all of the
biopolymer experiments over time. Additionally, the design of the website allows
visitors to navigate between images and data in a non-linear format for a more
detailed understanding of the relationship between the design, materials, and

fabrication of the biopolymer prints.

With new research and technology, biopolymers will find increasing relevance in
different fields and with various applications. As the nature of communication online
evolves, so will the way this project is understood. The presentation of the website
will adapt over time with access to new information in much the same way these

biopolymer materials react to changes in the environment.
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Figure 38: Matrix of * Flat prints arrayed in a 7 x 10 grid with human for scale demonstrating diversity in form and
color for tunability.
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7.4 Preservation

The preservation of biodegradable materials that are intentionally designed to decay
may seem counterproductive. In contrast, conservation is a priority for artwork in
the context of a museum, and there are expectations of returning artwork in the
same condition as it is received. Typically, perceived damages that result from natural
weathering diminish an artwork’s financial value. Thus, museum galleries maintain a
steady temperature and humidity levels as well as limit exposure of artwork to direct
sunlight. If the goal is to slow material changes and preserve the pieces as they
appear after printing, the biopolymer experiments can be stored in between sheets of
packing foam and wax paper in a dry, cold and dark with limited fluctuations in

temperature and humidity.

However, the unique subjective beauty of these biopolymer experiments resides in
their ability to degrade. The controlled museum environment deprives visitors from
experiencing temporal changes in the artwork. The biopolymer pieces are perhaps
better suited to be displayed in the natural environment in which they can freely react
to unforeseen conditions. With this temporality in mind, we can shift the role of
museums to expose audiences to meaningful experiences instead of the permanent
artifacts traditionally in their collection. Museums can preserve the artistic experience
while allowing the physical piece to behave outside of the interests of conservation
by recording and documenting artwork that intentionally degrades over time.
Continuing off of the legacy of movements in earth art, video art, and installation art,
the acceptance of natural decay in artwork shifts the tangible value of art away from
a tradable commodity that has verifiable ownership. An elevated aesthetic
appreciation of the degradation of artwork in a museum can lead to a greater social

acceptance for the imperfect and uncertain nature of objects in our daily lives.
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336-756L8 5-8YEARS
10-20L8  1-2YEARS
126-168LB  3-5YEARS
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40-100LB  3-5YEARS
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COLOSSAL:1/6LB 1/2-1YEAR
COLOSSAL:1/91LB
JUMBO: 1/22LB
LARGE:1/35.B
MEDIUM:1/45LB
SMALL:1/55LB
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48LB

13LB

1LB

Figure 39: Diagrams illustrating the yield of pectin from various fruit trees (Baker, 1997) and chitosan from shrimp
(Istam, Khan, & Alam, 2017) with the number of organisms and amount of time needed to naturally grow and

refine 1 Ib. of materials in an ecosystem.
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7.5 Future Directions

Biopolymer additive manufacturing offers the possibility of site-specific bio-
fabrication through the natural aggregation and sourcing of raw biological materials

by creating microclimates to support the growth of specific plants and insects.

7.5.1 Material Sourcing

The need to control our environment is familiar to most people, yet by nature, the
other living organisms that we share our spaces with are problematic to predict.
Cultural standards of cleanliness and the desire to isolate our living quarters from the
perceived uninhibited chaos of the external environment have contributed to this
approach of sanitizing our living environments. While most contemporary buildings
attempt to create habitats exclusively for humans that are hostile to the existence of
these other organisms, foreign matter will inevitably infiltrate our personal spaces.
With this in mind, architects and designers must consider how to make products,
spaces, and structures that can better coexist with and host other organisms in order

to produce mutually beneficial outcomes.

By encouraging architectural and ecological symbiosis at various scales, a design
process and fabrication system can be customized to fit a variety of sites and
deployed on an agricultural scale to farm the raw materials used in the construction
of buildings while remaining sensitive to local flora and fauna. Theoretical
precedents such as Laugier’s primitive hut provide the conceptual basis for
establishing a symbiotic relationship to ecologies throughout the entire lifespan of a
building to create a self-sufficient hybrid structure capable of sustaining a diverse

ecosystem while producing resources for construction and maintenance.

103



In determining the types of inputs which can cause minute changes to functionalize
the behavior of multiple species of organisms, plants and animals can be exposed to
designed structures that can encourage organisms to aggregate materials into

specialized forms within their natural habitat.

7.5.2 Organism Communication

Current experiments in bio-fabrication occur inside the highly controlled enclosure
of a research lab and museum gallery that isolate species in simulated scenarios.
There has been less exploration to deploy bio-fabrication with species in an
unmediated natural environment. Such an approach would expand the traditional
awareness of an architectural site as a complex ecosystem rather than a reductive

series of spatial parameters.

By combining the customization and precision of robotic fabrication with
environmentally responsive materials, these tools and design processes have the
potential to establish initial design parameters and experimental protocols for
constructing non-anthropocentric objects. Using the materials, machines, and
workflows developed for biopolymer printing, architects, engineers, and scientists
have the tools to create structures that can communicate with and modify the
behavior of organisms across ecological niches. With these tools, we can encourage
organisms to independently aggregate materials and utilize these materials in building

site-specific structures that encourage environmental wellbeing.

7.5.3 Ecological Integration

The dynamic set of interactions and relationships between various organisms and

environments over time is challenging to comprehend and express. A prerequisite
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for designing for such a complex network of interdependent variables requires the
definition of a vocabulary and series of parameters that can be used to quantify and
express the relationships between different aspects of a single ecology. Further
investigation of species-specific pest and pollinator syndromes can generate
structures made from biopolymers that can sensitively affect various ecologies. These
habitats could be used to promote the environmental health and ecological
integration of architectural structures by attracting pollinators, repelling predators,
and providing nutrients for plant growth. By diagraming the causal chains and
dependencies of multiple actors that share a given site, it is possible to bring about
dramatic changes through minute yet targeted interventions. While making ecological
modifications that produce unintended consequences may be easy, having control

and predictability over the process can be extremely difficult.

Rather than establishing productive landscapes that take the form of large-scale
conventional monocultures, architects can design structures that will create
differentiated microclimates that encourage plant and animal biodiversity that can
result in improved environmental health. By taking an active role in assisting the
vegetative dynamics of sites, this project will create an augmented ecosystem based
on principles shared with regenerative agriculture and synecoculture. These ideas can
be taken a step further to create a method of open-field agriculture that uses
organisms to aggregate natural resources and materials into self-assembled built
forms without requiring artificial interventions in the form of plowing, fertilizers, or
chemicals. These environmental structures could consolidate a large variety of plant
and insect species that can coexist in their natural state and support each othet’s
needs while contributing to the overall functionality of the soil. The process of decay
can create beneficial outcomes in the environment by releasing a cocktail of
beneficial nutrients, bacteria, and seeds to encourage plant growth that can support

environmental wellbeing.
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Figure 40: A scalar network diagram showing the complex web of relationships between materials, structures and
environments within a select grouping of pollinating insects and geographical sites.
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7.5.4 Scalar Networks

Territorial: Environmental
- Geology:
o Location: New York City, Tokyo, Cape Town
o ‘Terrain: Mountain, Hill, V alley, Canyon, Tundra, Desert, Oasis, Swamp,
Marsh, River, Ocean, Glacier
o Ground:
+ Bedrock: Metamorphic, Lgneous, Sedimentary
+ Gravel: Bank, Creek, Predmont
+ Soil: Loamy, Chalky, Peaty, Silty, Sandy, Clay
- Climate:
o Solat: Sun - Shade
o Water: Arid - Moist
o Wind: 57/ - Gusty
- Organism:
o Plantae: (case studies)
+ Flower: Nicotiana, Jasmine, Fennel, Lavender, Clover, Daisy, Rye
+ Tree: Oak, Maple, Mulberry, Apple, Orange, Cherry
o Animalia: (case studies)
+ Producer: Lobster, Crab, Shrimp
+ Pest: Mosquito, Housefly, Aphid
+ Pollinator: Moth, Dragonfly, Butterfly, Bumblebee, Honeybee
+ Builder: Silkworn. Beetle
+ Predator: Spider, Ladybug, Finch, Blue Jay
Structural: Architectural
- Physical:
o ‘Thickness: Thick - Thin
o Stiffness: Flexible - Rigid
o Texture: Smooth - Rough
o Absorbency: Hydrophobic - Hydrophilic
- Optical:
o Color: White, Black, Purple, Blue, Green, Yellow, Orange, Red
o Opacity: Transparent - Opaque
o Pattern: Gradient - Striped
Product: Material
- Organic:
o Biopolymer: Pectin, Cellulose, Calcinm, Charcoal
o Additive: Cinnamon, Turmeric, Beet, Indigo, Matcha, Spirulina
o Resin: Copal, Benzoin
- Mineral: Laterite, Basalt

107



With a culture that promotes the value of unpredictability in problem-solving
process, designers can more readily accept inconsistency and failure as an
opportunity to learn and innovate. New research and technology have allowed
biopolymers to find increasing relevance in different fields and with various
applications. As the nature of communication online evolves, so will the way this
project is understood. By promoting a culture that accepts and values intentional
inconsistencies, we can design with, by, and for uncertainty to create value out of the

unknown in broad applications across multiple scales.
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9 APPENDIX
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Figure 41: Charts showing relative distribution of material amount, cost and printing time for 9 case studies
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9.1 Material Properties
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Figure 42: Pectin formula #1 - material property diagram showing composition, pH, hydrophilicity, hysteresis,
surface tension, surface roughness and printing parameters in a single integrated graphic.
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Figure 43: Pectin formula #3 - material property diagram showing composition, pH, hydrophilicity, hysteresis,
surface tension, surface roughness and printing parameters in a single integrated graphic.
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Figure 44: Pectin formula #4 - material property diagram showing composition, pH, hydrophilicity, hysteresis,
surface tension, surface roughness and printing parameters in a single integrated graphic.
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Figure 45: Pectin formula #5 - material property diagram showing composition, pH, hydrophilicity, hystetesis,
surface tension, surface roughness and printing parameters in a single integrated graphic.
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9.2 Material Sourcing
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Figure 46: Diagrams illustrating the yield of chitosan from lobster and crab (Webster, et al., 2014) with the number
of organisms and amount of time needed to naturally grow and refine 1 Ib. of material in an ecosystem.
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Figure 47: Diagrams illustrating the yield of honey from bee hives and tree sap from trees (Cogrer, 2007) with the
number of organisms and amount of time needed to naturally grow and refine 1 Ib. of materials in an ecosystem.
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9.3 Case Studies

9.3.1 O Swatch
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Figure 48: Matrix of O Swatch - Standard pectin formula comparing color change and deformation in response to
exposure to heat, air and moisture over time.
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Figure 49: Matrix of O Swatch - Chitosan pectin formula comparing color change and deformation in response to
exposure to heat, air and moisture over time.
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Figure 50: Matrix of O Swatch - Calcium pectin formula comparing color change and deformation in response to
exposure to heat, air and moisture over time.
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Figure 51: Matrix of O Swatch - Cinnamon pectin formula comparing color change and deformation in response
to exposure to heat, air and moisture over time.
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Figure 52: Matrix of O Swatch - Beet pectin formula comparing color change and deformation in response to
exposure to heat, air and moisture over time.
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Figure 53: Matrix of O Swatch - Turmeric pectin formula comparing color change and deformation in response to
exposure to heat, air and moisture over time.
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Figure 54: Matrix of O Swatch - Matcha pectin formula comparing color change and deformation in response to
exposure to heat, air and moisture over time.
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Figure 55: Matrix of O Swatch - Spirulina pectin formula comparing color change and deformation in response to
exposute to heat, air and moisture over time.
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Figure 56: Matrix of O Swatch - Indigo pectin formula comparing color change and deformation in response to
exposute to heat, air and moisture over time.
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Figure 57: Matrix of O Swatch - Charcoal pectin formula comparing color change and deformation in response to
exposute to heat, air and moisture over time.
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9.3.2 X Swatch
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Matrix of X Swatch — Standard pectin and cellulose toolpaths compating the color change and

Figure 58

deformation of prints exposed to air over 1 year.
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Figure 59: Matrix of X Swatch — Standard pectin and cellulose toolpaths comparing the color change and

deformation of prints exposed to air over 1 year.
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Figure 60: Matrix of X Swatch — Standard pectin and cellulose toolpaths Compariﬁg the color change and
deformation of prints exposed to air over 1 year.
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Figure 61: Matrix of X Swatch — Standard pectin and cellulose toolpaths comparing the color change and

deformation of prints exposed to air over 1 year.
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Figure 62: Matrix of X Swatch — Standard pectin and cellulose toolpath with internal voids comparing the color
change and deformation of prints exposed to air over 1 year.
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Figure 63: Matrix of X Swatch — Standard pectin and cellulose toolpaths with internal voids comparing the color
change and deformation of prints exposed to air over 1 year.
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Figure 64: Matrix of X Swatch — Chitosan pectin and cellulose toolpaths compariﬁg the color change and
deformation of prints exposed to air over 1 year.
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Figure 65: Matrix of X Swatch — Layered standard pectin and cellulose toolpaths comparing the color change and
deformation of prints exposed to air over 1 year.
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Figure 66: Matrix of X Swatch — Layered standard pectin and cellulose toolpaths comparing the color change and
deformation of prints exposed to air over 1 year.
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Figure 6 7: Matrix of X Swatch — Layered standard pectin and cellulose toolpaths compating the color chéngc and

deformation of prints exposed to air over 1 year.
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Figure 68: X Swatch — Average volume and cost of materials for each print in the series.
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Figure 69: X Swatch — Average volume of material, print duration, and cost for different biopolymer formulas
used in each print in the series.
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9.3.3 X Flower

Figure 70: Matrix of X Flower — Multiple pectin formulas exposed to air over 1 year comparing color change and
deformation of 3-dimensional form.
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Figure 71: Matrix of X Flower — Multiple pectin formulas exposed to air over 1 year comparing color change and
deformation of 3-dimensional form.
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Figure 72: X Flower — Average volume and cost of materials for each print in the series.
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Figure 73: X Flower — Average volume of material, print duration, and cost for different biopolymer formulas
used in each print in the series.
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9.3.4 'V Skull
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Figure 74: Matrix of V Skull — Multiple geometries exposed to air over 1 year comparing color change and
deformation of 3-dimensional form.
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Figure 75: Matrix of V Skull - Multiple geometries compéring vector toolpaths to printed 2-dimensional forms.
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Figure 76: V Skull — Average volume and cost of materials for each print in the series.
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Figure 77: V Skull - Average volume of material, print duration, and cost for different biopolymer formulas used
in each print in the series.
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9.3.5 T Fold
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Figure 78: Matrix of T Fold — Muitiple geometries compa}ing vector toolpaths to -printed 2-dimensional forms.
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Figure 79: Matrix of T Fold — Multiple geometries compaﬂng vector toolpaths to printed 3-dimensional forms.
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Figure §0: T Fold — Average volume and cost of materials for each print in the series.
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Figure 81: T Fold - Average volume of material, print duration, and cost for different biopolymer formulas used in
each print in the series.
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9.3.6 Y Fold
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Figure 82: Matrix of Y Fold — Muitiple geometries compaiing vector toolpaths to the deformation and color
change of printed 2-dimensional forms.
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Figure 83: Matrix of Y Fold — Multiple geometries exposéd to air over 1 year comparing color change and
deformation of 3-dimensional form.
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Figure 84:Y Fold — Average volume and cost of materials for each print in the series.
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Figure 85:Y Fold - Average volume of material, print duration, and cost for different biopolymer formulas used
in each print in the series.
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9.3.7 1Crease

w :
L :
£ :
I -
g i =
= @ Q
2 =
o = o
'_
@]
L
=
A
E
=
@]
=
[a
o
'7 -----------
e
]
L
oc
<
L
>

235"x 235" : 205" x 205"

Figure 86: Matrix of + Crease — Multiple geometries comi)aring vector toolpaths to printed 2-D forms with
deformation and color change over 1 year.
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Figure 87: Matrix of + Crease — Multiple geometries comparing vector toolpaths to printed 2-dimensional forms
with deformation and color change over 1 year.
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Figure 88 : Matrix of + Crease — Multjple geometries comparing color change and deformation of 3-dimensional
forms over 1 year.
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Figure 89: Matrix of + Crease — Multjple geometries comparing color change and deformation of 3-dimensional
forms over 1 yeat.
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Figure 90: + Crease — Average volume and cost of materials for each print in the series.
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Figure 91: + Crease - Average volume of material, print duration, and cost for different biopolymer formulas used
in each print in the series.
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9.3.8 * Flat
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Fignre 92: Matrix of * Flat — Toolpaths showing digitally generated variation in density and patterning.
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Figure 93: Matrix of * Flat — Prints showing tunable variation in material color and composition.
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Figure 94: Matrix of * Flat — Toolpaths showing digitally generated variation in density and patterning.
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Figure 95: Matrix of * Flat — Prints showing tunable variation in material color and composition.
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Figure 96: Matrix of * Flat — Toolpaths showing digitally generated variation in density and patterning.
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Figure 97: Matrix of * Flat — Prints showing tunable variation in material color and composition.
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Figure 98: * Flat — Average volume and cost of materials for each print in the series.
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