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Figure 1: This dissertation aims to support digital and physical artistic production through collaborations, generative system
design, and digital fabrication workflows. (A) A 2D mixed simulation containing three generative systems. (B) A generative
pattern application on the ceramic vessel’s surface. (C) Close collaborations with artists informed practice-driven software
development methodology for digital fabrication. (D) A generative coral-like ceramic object prototyping my ongoing project.

ABSTRACT

Digital artists use generative systems for negotiating agency and
control with autonomous processes that display emergent and self-
organizing behavior. Practitioners have started using these systems
in material fabrication for rich sensory opportunities; however,
translating digital generative designs into the physical involves
significant knowledge of programming, complex workflows, phys-
ical constraints, and material properties. I aim to develop com-
putational systems bridging generative art methods with digital
fabrication techniques to support artistic practices. I seek to de-
velop digital generative workflows that account for the complexities
of real-world materials through collaborations with professional
practitioners. My thesis contributes practice-based research into
evolutionary algorithms for real-time digital form generation, a
manual-computational workflow for artistic production that moves
between digital and material pipelines, and a collaborative practice-
driven software development methodology for digital fabrication.
These contributions inform my next project aiming to bridge the
gap between digital and physical workflows, bringing computa-
tional generative design closer to material fabrication.
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1 INTRODUCTION

Since the advent of general-purpose computing, artists have used
computational platforms as an expressive medium for producing
novel digital artifacts, starting the field of ‘computer art’ [36]. The
abstract nature of computers prompted artists to collaborate with
engineers and scientists [21, 32, 39] and learn working with low-
level representations of data and programming languages [10, 33].
Nowadays, professional digital artists develop their own software
to make works with new aesthetics and functionality [23, 25].
The computational platform is uniquely positioned to simulate
the behaviors of complex systems in nature that display emer-
gent and self-organizing phenomena. Such systems can be used
for generative art: autonomous software-based processes display-
ing surprising behavior after iterative application of a rule set on
the system state a sufficient number of times (for complete taxon-
omy, see [4]). Some professional artists solely rely on generative
techniques [1, 19, 26, 41], but most use them to complement their
deterministic art practice as compositional elements [9, 11, 35].
They may employ generative systems to create multiple design
alternatives [32], negotiating direct control with emergence [30],
influencing the system’s evolution over time [3], and mastering
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system parameters with virtuosity [27]. These processes introduce
new relationships of agency and control over the creative pro-
cess [17, 31, 38].

Digital artists use pixel-based technologies to communicate their
works to audiences. However, the tactility and materiality of phys-
ical media offer richer sensory experiences, real-life interaction
opportunities, and novel aesthetic outcomes [6]. Some professional
artists have started incorporating the affordances of generative
systems in their material practices [2, 15, 28, 29, 50]. However,
professional physical production often involves complex work-
flows that require significant knowledge of material constraints
and embodied-making practices [18]. Novel computational fabri-
cation research presents valuable insights [8, 13, 14, 47, 51] and
methods [5, 34, 40, 46, 48, 49] for transforming digital forms into
physical ones.

My research aims to develop computational systems bridging
generative art methods with novel digital fabrication workflows to
support artistic practices. I hypothesize that extending the scope of
computational generative principles to physical production while
remaining compatible with the existing fabrication workflows and
material constraints will support established forms of artistic pro-
duction and help create new media practices. I ask the following
research questions: (RQ1) How can we design emergent computa-
tional workflows that can work with physical constraints of materi-
als? and (RQ2) How can we design new computational fabrication
technologies to support professional artists working with physical
materials and digital generative systems?

My methodology combines computational system design, digital
fabrication techniques, and collaboration with domain experts to
inform art practices in digital and material domains. I implement
evolutionary systems inspired by natural phenomena for digital
generative forms and behaviors. To explore the applications of gen-
erative design methods to physical making, I chose ceramics as a
case study. Clay is an excellent resource for studying material in-
teractions due to its highly dynamic nature, established fabrication
pipelines, and adaptability to various techniques and supplemen-
tary materials. In addition, the longstanding craft practices offer a
wealth of material knowledge often missing in engineering litera-
ture [12]. In my work, collaborations with professional craftspeople
contributed immensely to uncovering the material opportunities
and limitations and the extent of designer control [20].

In my thesis, I present three projects investigating system de-
velopment for digital and material artistic production. First, I de-
veloped the Edge of Chaos, a digital generative system containing
a set of artificial life algorithms, to investigate the emergent and
self-organizing behaviors of complex systems [42]. Second, my
colleague Sam Bourgault and I created CeramWrap, a non-linear
manual-computational workflow for ceramic surface decorations
to align digital design and fabrication with established material
pipelines [44]. Third, my colleague Devon Frost and I collaborated
with professional ceramic artists in artist-in-residence programs,
learned how they intersect computation with manual processes
and developed a practice-driven software development methodology
for digital fabrication [45].

Currently, these projects contribute design methods for digi-
tal generative form-building, a manual-computational workflow
for integrating digital with traditional material practices, and a
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material-oriented collaborative software development methodol-
ogy for digital fabrication. These contributions have led to my
ongoing research project to investigate generative systems further
in material fabrication. I am currently developing a fourth project,
a digital fabrication system that couples real-time digital genera-
tion with embodied-making practices. An early prototype of this
direction for fabricating coral-like forms is shown in Fig. 1D.

2 THE EDGE OF CHAOS: DIGITAL
EVOLUTIONARY SYSTEMS
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Figure 2: Visual results from the Edge of Chaos: (A) Diagram
showing parameters of Physarum agents. The agent moves
towards higher pheromone concentration based on parame-
ters pl...p5. (B) One such animation unfolds over time. (C-E)
Results of simulating 1m agents. (F-H) Results of simulating
5-30m agents with different types producing distinct colors.
(I-K) 3D examples produced by variations of CA.

Generative algorithms define rules applied to the system state
in discrete time steps. Initial conditions, input parameters, rule def-
initions, and update methods dictate how the system will unfold
over time. In particular, artificial life (a-life) investigates biological
systems’ development and behaviors [52]. The Edge of Chaos in-
vestigates the implementation and artistic practice of visual a-life
systems to uncover their emergent aesthetics and self-organizing
behaviors using a practice-based research methodology [7]. Work-
ing with expert practitioners for ideation, implementation, and
critique cycles for over eight months resulted in many experiments.
A selection of these visual results were disseminated in group exhi-
bitions [42, 43].
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Figure 3: An example CeramWrap workflow for producing a decorated Klein Bottle, by Camila Friedman-Gerlicz. (A) Wheel-
throwing the radially symmetric body. (B) Hand-building the ear. (C) Computational tools in Grasshopper for (left) procedural
pattern generation and (right) surface unrolling: (front view) Pattern elements are repeated on the surface with a sinusoidal
scaling and linear translation functions, then (top view) the patterned surface is unrolled into flat geometry. (D) Installing the
laser-cut stencils. (E) Underglaze painting and carving. (F) Artifact with complete surface decorations. (G) Finished artifact.

The Edge of Chaos contains system implementations of CA vari-
ations [16, 24], agent-simulations with direct-communication [37]
and stigmergy [22] paradigms in Unity. Using compute shaders al-
lowed for simulating millions of components and their interactions
without compromising real-time interactivity. This ability to sim-
ulate more components resulted in a higher chance for increased
emergence and self-organization (Fig. 2). In addition, custom envi-
ronments containing a mixture of these systems modulating each
other’s parameters contributed an additional behavioral complexity
to the visual outcomes (Fig. 1A).

The combination of the input parameters and probabilistic evolu-
tion makes the space of possible outcomes vast, but not all regions
of this space lead to visually interesting results. Collaborations
with two expert practitioners in computational image-making and
electroacoustic multimedia composition revealed insights for cre-
atively exploring this output space. Discussions with the expert
composer revealed that parameter space exploration is similar to
playing a musical instrument, requiring mastery over the system
configurations to find desirable visual results. Discussions with
the expert image-maker revealed the use of mixed simulations to
create visual balance. In addition, algorithmic parameter space ex-
ploration methods provided useful results. Langton’s research on
CA behaviors [24] not only inspired this project’s name but also
motivated me to algorithmically explore global parameters that
affect future iteration’s ‘survival rate. This aids artists in finding
desirable results quicker, allowing for deeper exploration with less
frustration.

In summary, the Edge of Chaos partially addresses RQ1 by demon-
strating key aspects of using emergence in digital art practices:

o Digital generative systems can exhibit self-organization and
complex visual behavior: The Edge of Chaos used massively
parallel computation to increase visual complexity without
compromising real-time interactivity.

o Exploring the parameter space is an artistic act that requires
time and labor investment to find desirable results: Using
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the system becomes similar to playing an instrument that
requires mastering the system’s affordances and constraints.

3 CERAMWRAP: MANUAL-COMPUTATIONAL
FABRICATION WORKFLOWS

Digital generative systems offer emergent qualities that are hard to
design manually. However, translating these designs into physical
is challenging due to the complex workflows required for material
production. In CeramWrap, we studied challenges around material
properties and fabrication workflows using ceramic surface dec-
oration as a case study [44]. Transforming wet clay into finished
ceramics involves long drying times and kiln firings that alter the
clay’s chemistry. Throughout this pipeline, clay undergoes unpre-
dictable deformations and non-uniform shrinkage across vessel
geometry. Since surface decorations can be applied at different
stages of this pipeline using various additive or subtractive meth-
ods, skilled craftspeople adapt their designs and techniques to the
dynamic state of the material.

To create computational workflows compatible with established
methods, it is essential to develop flexible strategies that allow for
rapid modifications. To achieve this, my colleague Sam Bourgault
and I collaborated with an expert craftsperson, studied how ceram-
icists work with surface decorations, and developed CeramWrap,
an adaptable manual-computational workflow that facilitates the
computational design and rapid fabrication of patterned stencils.
CeramWrap contains two computational steps for designing deco-
ration elements on the digital surface of a radially symmetric vessel
and for unrolling the digital surface into flat stencils (Fig. 3C). The
rapid iteration of computational design and digital fabrication pro-
vides adaptability to dynamic material states that can work with es-
tablished manual methods. These computational steps are designed
for manual form-building and surface decoration techniques.

In summary, CeramWrap partially addresses RQ1 and RQ2 by
demonstrating key aspects of adaptable manual-computational
workflows:
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e Computational design, digital fabrication, and manual craft
practices can be integrated into the same workflow: Sur-
face decorations were digitally designed, fabricated, and ap-
plied using various techniques (underglaze brushing, drilling,
sgraffito) on vessels fabricated with multiple methods (slab
building, wheel throwing, clay 3D printing).

e Manual-computational workflows can adapt to the evolving
nature of materials: By rapidly propagating changes in the
pattern design and generation of stencils, we could adapt to
the shrinkage and distortion of ceramic vessels.

e Manual-computational workflows can be tailored to meet
different technical requirements: CeramWrap can accommo-
date different alignment tolerances between the stencils and
the vessel, depending on the ornamentation techniques used.

4 PRACTICE-DRIVEN SOFTWARE
DEVELOPMENT METHODOLOGY FOR
DIGITAL FABRICATION

Developing software tools for artistic production presents an inher-
ent tension between building software and making art. Especially
tool development for digital fabrication must balance the imple-
mentation with producing physical objects for testing due to the
shortcomings of simulating full material complexity. In the case
of domain-specific software that interfaces with complex material
pipelines, professional craftspeople’s experience and real-world
needs can provide crucial insights into ideation, implementation,
fabrication, and debugging steps of software development. To study
these challenges further, we organized two summer-long artist-in-
residence programs hosted in our lab. This brought together HCI
researchers and skilled craftspeople for in-depth collaboration and
knowledge sharing for an extended duration.

Figure 4: The second component in ClayToolkit was targeted
for the real-world needs of residents. It allows the slicing
of a 3D model and further modifying the toolpath with sur-
face details. (A) Eun-ha Paek’s signature poodle model was
converted into a surface-textured toolpath. Head vertices
(inside the box) are excluded from texturing. (B) Trimming
the leather hard object. (C) Glazed ceramic object.

In this article, my colleague Devon Frost and I summarized find-
ings regarding the software development for material workflows
by analyzing five tools developed throughout the residencies [45].
We present similarities with software development workflows for
digital production and highlight key differences emerging from the
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manual practices of working with clay. For example, we found that
the physical objects acted as a common ground for discussions that
drive the implementation and debugging cycles. My interactions
with craftspeople led me to create ClayToolkit, a CAM-based design
and utility software containing three components: The first compo-
nent allows for designing radially symmetric toolpaths based on
an input profile curve and controlling the surface details by map-
ping predefined patterns, geometry, or images. The second com-
ponent converts an input geometry into a toolpath representation
and allows for surface modifications (Fig. 4). The third component
converts a GCode file back into an editable toolpath, providing
interoperability between various machines and software developed
during the residency.

In summary, this project partially addresses RQ1 and RQ2 by
studying collaborative software development strategies for digital
clay fabrication:

o Digital fabrication can involve dynamic craft materials, which
require extensive embodied practice to master: Our method-
ology was derived from collaborating with professional crafts-
people in artist-in-residence programs that fostered bidirec-
tional knowledge exchange.

e Developing software for physical workflows requires iter-
ating between programming and fabricating, resulting in
increased time and labor spent on software development:
Developing targeted software for the real-world needs of
professional artists can provide mutual benefit to system
research and artistic practice.

e The constraints of physical materials and machinery can
limit the output possibilities of software for digital fabrica-
tion: Manual material interventions can partially address the
limitations of software tools.

5 MODULAR GENERATIVE FABRICATION
TOOLKIT (WORK-IN-PROGRESS)

While the projects described above contribute insights and compo-
nents into the physical production and digital generative systems,
an explicit bridge is needed. One major challenge remaining in
this intersection is incorporating the material constraints into the
generative system.

I'm developing a fourth project, an interactive fabrication in-
terface that contains essential digital form-building operations as
CAM-based modules. These modules can be assembled in various
ways to design larger-scale structures. Modules range from ele-
mentary toolpath operations to a-life algorithms with parameters
for controlling growth. An early prototype of this direction for
fabricating coral-like forms is shown in Fig. 1D. I aim to develop
this interface further in Javascript/WebGPU so that the generative
algorithms can produce real-time results in response to parameter
modifications.

This project aims to fully address my research question bridge
the gap between digital and material workflows, promoting a more
responsive and playful design practice for digital fabrication. Exper-
imenting with multiple materials would provide additional benefits
in differentiating one medium from another.
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