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Abstract
This work explores soft technologies in computational fabrication: ways of creat‐
ing with materials that are flexible, dynamic, and/or uncertain. Soft fabrication
systems can be built to work with unusual materials, and to adapt to current and
futures needs; they can be appropriate to a wide variety of contexts, including
those outside of industrial and production work such as materials research labs
or personal creative practice.

I develop the lens of “softness” through a combination of technical systems devel‐
opment  and  design  inquiry,  resulting  in  computational  fabrication  systems
which explore softness at the levels of physical materials, contexts of use, and the
workflows that bridge between them. In documenting the individual systems, I
provide a number of supporting contributions, including techniques for produc‐
ing complex mechanisms with machine knitting, demonstrations of inexpensive
and easily deployable camera-based sensing for fabrication tasks, and insights
from creative practitioners. Uniting the findings from these, I construct a concep‐
tual frame and a set of system-building tactics that can be used to create flexible
and  adaptable  computational  fabrication  systems,  with  implications  for  how
complex materials can be used, by whom, and in what contexts.
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0. 

Introduction



⁂ Overview
This dissertation document is arranged in five parts. First,  in this Introduction
(Part 0), I introduce and motivate the theme of soft technologies in computational
fabrication—ways of creating with materials that are flexible, dynamic, and/or
uncertain—and I establish background on material technologies in human-com‐
puter interaction, including computational fabrication, materials research, and
creativity support.

In the next three Parts, I document and discuss a series of computational fabri‐
cation systems that exemplify multivalent aspects of softness. These Parts are
structured around the concept of a “material technology” as a three-level stack
which encompasses, from low-level to high:

1. The physical  properties of a material and the  operations that can shape
them

2. Emergent abstractions for reasoning about those properties and operations
and workflows for manipulating those abstractions

3. The material’s  contexts of use and  aesthetics guiding and resulting from
those contexts, such as recurring forms and cultural associations

Each of these levels affects the others; for example, recurring forms and aesthet‐
ics arise out of both the underlying material properties and personal, historical,
and cultural workflows. In organizing the document this way, I discuss aspects of
“softness”—some more literal, like the elasticity that enables a plush robotic grip‐
per, and some more metaphorical, like an improvisational workflow—as distinct
but interconnected. I introduce these topics non-linearly: first,  Part I character‐
izes low-level material properties; next, Part II is about high-level contexts; final‐
ly, after establishing these anchors, Part III describes the workflows that bridge
between them.

Within each of  these three Parts,  I  begin with a  chapter  that  establishes the
scope of that Part and discusses specific related work. The next chapter provides
technical background on the fabrication techniques included in that Part (knit‐
ting in Part I and Part III, and weaving in Part II). Following that, a brief sum‐
mary page introduces the two technical systems to be presented in that Part, and
then I present a detailed account of each system in its own chapter.

The work presented in this dissertation focuses on textiles: knitted, woven, or
otherwise structured fibers. The complex soft structures of textiles, and the ubiq‐
uity of their production and use, are particularly well-suited for exploring soft‐
ness in technical systems. However, the principles hold for other computational
material  technologies  as  well.  In the last  part, Part  IV,  I  discuss generalized
principles  of  softness,  their  applicability  in  computational  fabrication  more
broadly, and technical guidelines for achieving them in fabrication support tools.
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1. Softness
“Soft” is hard. We tend to focus our established “high” technologies on solid, de‐
pendable stuff like rigid body mechanics and quantitative data. Materials that
are malleable, not easily simulatable, or that have fabrication methodologies that
diverged millenia ago from the rest of industrial manufacturing are often diffi‐
cult to integrate into engineering pipelines [244]; it’s easier to dismiss them as a
nuisance. Workflows that are portable or personal, or that operate on indetermi‐
nate or evolving specifications, are difficult to generalize; it’s easier to dismiss
these as too niche to bother with. Contextual aspects of technology, like cultural
aesthetics and social meaning, are subjective and difficult to analyze; it is  much
easier to dismiss these as out of scope for technical research.

However, in balking at malleable, indeterminate, and/or emergent technologies,
we neglect a tremendous amount of creative potential. Soft materials, especially
textiles, are frankly unavoidable—we spend our lives surrounded by them—and
they can be fabricated in incredibly precise ways with a wide variety of purposes.
Soft systems can be flexibly adapted to specific users and uses, such as for indi‐
vidual accessibility or to work with low-cost or sustainable materials. Emergent
hybridity between materials and computational processes can provide new ab‐
stractions and new experiences of fabrication, leading to exploration and inven‐
tion.

In this dissertation, I aim to highlight the unique strengths of softness, such as
adaptability and emergent complexity, and to show how they can be usefully de‐
ployed to support creativity and innovation in computational fabrication. In pro‐
viding exemplars from three separate but intertwined levels of “material tech‐
nology,” I demonstrate how to recognize and reason about softness throughout
how we create with materials and computation.

What: [Under]defining Softness1.1. 
This work agglomerates multiple meanings of “softness” centering around adapt‐
ability, emergence, indeterminacy, and hybridity. I chose the term “soft” to en‐
compass these shifting meanings because it is already intriguingly overloaded,
with differing implications at each of the three levels of material technology I de‐
scribe. On a literal, physical level, the word “softness” can mean pliable, like an
elastomer, or “soft to the touch” like a kitten. Metaphorically, it can mean indis‐
tinct, like a soft focus; or blendable, like a soft melody; or gentle or calm, like a
soft breeze. It even sometimes means “subjective,” as in the term “soft skills.”

By assembling these meanings into one lens, albeit a multivalent one, I encour‐
age study of how these meanings relate to each other and can be usefully inter‐
twined. For example, a challenge of softness at the material property level, such
as the difficulty of precisely simulating an output, might be met with softness at
a workflow level by generating composably parametric test swatches. Parts I-III
of this document demonstrate different aspects of softness. In Part IV, I reflect
on these various aspects as loci of softness that recur across the work, and apply
them to generate useful technical approaches to future soft systems.
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Why: Motivations and Contributions1.2. 
Softness is ubiquitous, but underexplored in technical human-computer interac‐
tion research. Soft materials surround us, from our clothes and furnishings to
medical and safety devices, but the disconnect between rigid-body engineering
practices and our millenia of human expertise in textile fabrication means that
textiles  are  less  frequently  examined  as  “serious,”  engineerable  materials.
Sources of uncertainty and contexts that reward adaptability are similarly abun‐
dant: artisanal processes have always incorporated some level of indeterminacy
(as discussed in Section 7.2), and flexibility is a key component of enabling access
across financial contexts, physical abilities, and differing environments. Working
improvisationally, often with irregular materials and unusual locations, is criti‐
cal for mending and maintenance, which are increasingly understood to be cor‐
nerstones of sustainable material practice. However, these are similarly discon‐
nected from the main narrative of computational fabrication as a kind of produc‐
tion-oriented micro-manufacturing which prioritizes predictability and efficien‐
cy.

This does a disservice to both the material possibilities of softness and to the
study of computation’s role in creative practice. While the predominant drive is
to use it  as a regularizing force, computation itself is tremendously malleable.
Similarly, while predictable and efficient production can a worthwhile endeavor,
it  is  just  one of many modes available to computational creativity overall  and
computational fabrication specifically. Computation can blend, distort, filter, and
compile data and operations in ways that enable not just specific material out‐
comes but  entirely different,  uniquely computational  ways of  reasoning about
material processes that would be intractable otherwise. Over-focusing on compu‐
tational  control  as  a  source  of  precision  and  repeatability  under-serves  other
roles of computation. For example, a computational system can track and ana‐
lyze in-progress outcomes, offering interpretation and suggesting varying possi‐
bilities and helping interpret outcomes; this role of scaffolding creative reflection
might be especially desirable for artists and inventors whose goals are not quite
pre-determined.

Understanding softness in its own right, not as something untrustworthy, fickle,
or simply unknowable,  but as something with its own logics (albeit  malleable
and emergent ones)  can re-connect  the genuine breadth of  computational  ap‐
proaches to the powerful complexity of soft materials and contexts. In this work,
I  show how softness  can underpin material  innovation and creative  practice,
from soft textile materials to parametric materiality as the basis of design tools.
Along the way, I demonstrate the power of machine knitting for complex materi‐
als, investigate relationships between fiber arts and new media practices, enable
access to textile fabrication through inexpensive new and augmented machines,
and introduce the idea of a parametric material “grain space” as an approach to
building creative material design tools. By characterizing where softness occurs
in  computational  fabrication  systems,  and  by  exploring  ways  to  channel  and
scope softness, the work in this dissertation establishes a unified lens for under‐
standing structured underdetermination in computational fabrication. This has
implications for how creators, from artists to inventors, can design and fabricate
complex materials, ultimately broadening what can be made, and by whom.
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How: Methods1.3. 
The work in this dissertation combines aspects of design research, including in‐
quiry into the contexts, abstractions, and aesthetics of computational fabrication
systems, with technical systems research including building real, full-stack hard‐
ware/software systems incorporating complex and cutting-edge algorithms and
machines.

As such, the methods vary. In  Part I, I focus on low-level material properties,
which I characterize using approaches from morphing matter and metamateri‐
als framings. In Part II, I discuss situated and contextual aspects of softness us‐
ing autoethnographic and research through design methods. In Part III, I specify
system abstractions and incorporate participant studies.
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2. Fabrication, Materials, and Creativity in HCI
Because of the broad-spanning nature of this dissertation, I have grouped deeper
discussions of related work into each of the sub-parts of this document. However,
the entire work is in conversation with fabrication, materials, and creativity re‐
search in human-computer interaction, so I give a background summary of these
areas in this chapter.

2.1. Computational Fabrication
Historically, a range of terms has been used to describe the group of related pro‐
cesses that includes loom-controlled weaving, Computer-Numerically Controlled
(CNC) machining such as with a mill or lathe, and computer-controlled additive
methods  like  selective  laser  sintering  or  stereolithography.  “Computer  Aided
Manufacturing” (CAM) is used in conjunction with “Computer Aided Design”
(CAD)  to  describe  a  pipeline  from  engineering  concept  to  fabricated  output;
“CAM” is particularly used to describe subtractive (machining) tasks where the
toolpath generation requires expert human guidance for best results. Conversely,
computer-controlled additive manufacturing is often called “3D printing,” a term
that often connotes a straightforward translation between an on-screen repre‐
sentation and a printed object. “Advanced manufacturing” emphasizes the use of
computer control for precise technical outcomes (such as nanofabrication); “rapid
prototyping” recognizes that many of these processes have low production over‐
head, making them particularly suitable for prototyping and one-off production.
The term “digital fabrication” is a popular umbrella term for these processes, par‐
ticularly in makerspace and academic contexts.

I use the term “computational fabrication” to emphasize the unique aspects com‐
putation can bring,  such as algorithmic and generative design, and to include
contexts in addition to “manufacturing” and “prototyping,” such as the produc‐
tion of artifacts for research [112] or personal use [28].

When used in personal projects, computational fabrication enables one-off and
context-specific outcomes. For example, when computational fabrication is used
to repair or modify an existing object [419], a creator might go beyond restoring
an object’s  original  functionality  to  create  something uniquely  suited to  their
needs.

Experiential Fabrication2.1.1. 
Research in  interactive fabrication blends fabrication engineering, sensing, and
interaction design, to expand the role of a fabrication machine from being the
endpoint of a creative process to being itself a site for creativity, whether for rapid
prototyping [254, 297] or a more open-ended material exploration [379, 409].

In my emphasis on flexibility,  multiplicity,  and experience, I  draw inspiration
from “digital craftsmachineship”  [19,  287], which emphasizes situational exper‐
tise,  “computational craft” which emphasize hand and body engagement with
materials  [35,  158], “hybrid fabrication” systems which offer intertwining roles
for human and machine contributions to an outcome [195, 377, 436], and experi‐
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ential and experimental fabrication which centers fabrication processes as a site
for reflection on the relationship between “makers, materials, and environments”
[76]. I describe these approaches and their relation to my work in more detail in
Chapter 11.

Materials in HCI2.2. 
While it is often directly intertwined with fabrication research, there is an in‐
creasingly distinct separate thread of research inquiry in HCI around materials
themselves as a locus of computation. Morphing Matter and Metamaterials work
studies  complex  material  properties  which  can  be  manipulated  for  program‐
mable,  interactive effects  in non-electronic objects.  Morphing Matter research
combines  computational  modelling,  material  characterization,  and interaction
design to produce active materials that can controllably change shape, properties,
or functionalities [292]; for example, such materials can be engineered to respond
to stimuli including temperature [18], pH [167], moisture [219], pressure [403], and
magnetic fields [431]; responses can include changes in shape, texture [203], per‐
meability  [285],  or  stiffness  [92].  Metamaterials  research specifically considers
the structure of a material, in combination with its substance, as a way to engi‐
neer properties like texture [154] and strain response [371]. Under this framing, a
material can be a complex mechanism  [153].  I explore this idea in  Chapter 6.
Both areas typically make use of computational fabrication methods to produce
the  designed  materials;  especially  in  Morphing  Matter  work,  the  fabrication
equipment may be purpose-built to handle particular material processes, such as
computer-controlled heat-sealing [284], dough-stamping [373], and fiber-drawing
[96]. The ability to adapt to experimental material processes is a motivation of my
work.

2.2.1. Textiles
Textiles  in  particular  are  prized  in  human-computer  interaction  research  for
their suitability for on-body interaction. Materials research in this area has ex‐
plored engineering and design of actuable fibers  [96,  97,  174] and textile struc‐
tures as a basis for complexly engineered robotic mechanisms [334]. Additional‐
ly, fabric-like structures have been explored as ways to obtain flexible and breath‐
able materials from 3D printing [29, 95, 322, 372].

Many textile-related works in HCI specifically center “e-textiles,” particularly ei‐
ther for on-body interaction [366] or as a topic for teaching interdisciplinary K-12
workshops [163, 165, 344]. Although I include e-textile examples in every Part of
this dissertation, e-textiles, narrowly defined — physically integrating electronic
circuitry into fabric — are not central to my work. However, many of the accom‐
panying values and methodologies are. I discuss textile structures for engineered
functionality  [274] in  Part I, incorporating cultures of textile artisanship  [71] in
Part II, and site-specificity, reuse, and augmentation [301] in Part II and Part III.

2.3. Creativity Support
“Creativity support tools” are “any tool that can be used by people in the open-
ended creation of new artifacts,” and typically more specifically “software appli‐
cations that are used to create digital artifacts or are used as part of the process of
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working toward the completion of an artifact” [55]. While this definition is delib‐
erately imprecise, creativity support research often specifically targets novice (or
simply “nonexpert”) users. Such computational tools can embed expert knowl‐
edge about a particular type of creative output — for example, art made with po‐
larization filters [348], or crocheted plush animals [151]—allowing a user to pro‐
duce complex outputs that they might not otherwise achieve. Creativity support
may seek to “democratize”  [18] a creative process, enabling relative novices feel
agency  over  their  creation.  For  example,  highly-scaffolded  creativity  support
tools can center “the fast, confident, and pleasurable exploration of a possibility
space” (e.g. character customization interfaces in videogames) engendering “feel‐
ings of pride, ownership, and creativity”  [60]. While I do not share the specific
narrow focus of novice users, I highlight adaptability over time —the possibility
of changing to suit a specific user’s skill set and desires—as an advantage of soft
systems. Additionally, a grain space (as defined in Chapter 14) is a form of embed‐
ded material expertise.

Some  creativity  support  tools  are  positioned  as  collaborators;  others  may  be
providers of a creative experience, or spaces to explore [55]. I discuss several roles
for systems—as mediators (Chapter 10), as guides (Chapter 13),  and as curated
spaces (Chapter 14).

Physically-Situated Creativity2.3.1. 
The use of curational and tactile techniques for creativity—investigating one’s
own context,  capturing site-specific details,  and applying hands-on manipula‐
tions—is well-explored in the visual arts, for example in the practice of bricolage
[80]. Within human-computer interaction, researchers have explored systems for
bringing physical inputs into digital contexts in seamless and playful ways [333],
as an engine of inspiration [3, 349] or to provoke the designer’s engagement with
their own surroundings [75]. I see this situated and contextual creative practice
as underexplored in fabrication, despite its tactility being particularly suited to
the often messy and analog low-level complications of physical fabrication. I in‐
corporate physical inputs throughout Part II and Part III, particularly in Chapter
9, Chapter 13, and Chapter 14.



I. 

Pliable
Materials
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3. Background and Related Work: 
Soft Material Properties and Operations
In english, we use the word “hard” to mean both “rigid” and “difficult,” but many
engineers will tell you that soft objects can be appreciably more difficult to work
with than rigid ones  [244].  Pliable materials can be challenging to model and
predict,  and fabrication techniques for them have evolved separately from the
shaping, cutting, extruding, and printing processes that are most well-known in
mechanical engineering. Nonetheless, soft materials surround us.

Physical softness is prized for comfort, adaptability, and suitability to be in, on,
and near our bodies. Soft materials can absorb or redirect collisions or acoustic
energy, and can be fashioned into compliant mechanisms that use engineered flex‐
ibility  to  reduce part  complexity,  store  forces,  and “accomplish complex tasks
with very few parts”  [143]. Within HCI, soft interfaces have been developed for
locomotion  [260], manipulation  [259], display  [426] in contexts including proto‐
typing  [398],  biomonitoring  [432] and  for  generating  different  physical  affor‐
dances [109]; the deformability of soft objects particularly supports haptic modali‐
ties in contexts such as wearables [56] and mobile devices [109].

3.1. Textiles
Throughout this dissertation but particularly in this Part (“Pliable Materials”) on
soft material properties, I focus on textiles as a material known for complexity
and difficult softness. Textile describes materials made of fibers; fibers are simply
materials which are much longer than they are wide, and are implicitly flexible
[334]. (I’ll use “fabric” to refer to a textile sheet material, such as “a yard of velvet,”
as distinct from a complete textile object, though the word “fabric” can also refer
to soft, sheet-shaped materials that aren’t fiber-based, such as a rubber sheet.)

The material structures of fabric are literally complex (Latin “com- together +
plexus plaited” [286]), and the range of possible material characteristics is broad.
There  exist  numerous  ways  of  obtaining  fibers  (most  commonly:  harvesting
them from plants and animals, or extruding them from dissolved or molten poly‐
mer compounds), optionally spinning and plying several fibers into  yarns,  and
forming those fibers or yarns into flat or shaped textile surfaces with processes
such as  weaving,  felting,  heat-bonding,  knitting,  and sewing.  The specific  ar‐
rangement of fibers into a yarn, then of yarns into a fabric, can determine many
material properties, including: optical properties like light transmission and re‐
flectivity; tactile properties like surface texture and drape [312]; functional prop‐
erties like stress/strain responses and active fiber routing (as in e-textiles [100]);
and even topological properties, with, e.g., “double-cloth” structures allowing for
integrated tubes and pockets [73].

A textile  is  inherently  hierarchical:  the  micro-scale  molecular  properties  and
shape of a fiber affect its restitution and friction; these affect the density, twist,
and other meso-scale characteristics of a yarn; these in turn affect the overall an‐
isotropic stretch, tensile strength, and surface qualities of a fabric.
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It can thus be helpful to conceptualize textiles as metamaterial: an aggregate ma‐
terial where intentionally engineered sub-structures influence higher-level prop‐
erties. Metamaterials have been an active topic of research in optics [421], acous‐
tics [236], antenna design [116], and mechanics [371]. One popular style of meta‐
material  fabrication uses repeated,  tunable cells.  By computationally selecting
and positioning cell varieties, properties such as weight/strength [31] or flexibili‐
ty [290]) can be optimized, either throughout the whole material or at specific lo‐
cations within it. Cell-based transmission of forces can be used to create mecha‐
nisms, especially when supported with computational design tools [153–156]. One
particularly  relevant  metamaterial  structure  is  “bristles”:  hair-like  structures
that have a high aspect ratio suited to transmit and amplify vibrations [281] or as
tactile or high-friction surfaces  [192,  282].  Other structures that can achieve a
similarly biased surface friction and have been used in soft actuations include
stretched kirigami patterns [315] and angled origami folds [398]. (In Chapter 6, I
explore bristles for both velcro-like applications and directionally biased actua‐
tions.) Approaching textiles as a metamaterial underscores their incredible func‐
tional complexity; more critically, it points toward ways of reasoning about their
emergent phenomena without having to resort to fiber-level simulation.

3.2. Fabricating Functional Structures in Textiles
Within textiles, functional material characteristics can be produced in a number
of ways. For example, quilting is a process which consists of layering padding be‐
tween cloth and sewing through the layers to attach them; the density of stitch‐
ing has been shown to control the thickness of the resulting structure [115]. In in‐
dustry, 3D weaving—a generalization of double-cloth weaving—is used to pro‐
duce  composite  reinforcement  [82,  202];  recently,  researchers  and  designers
demonstrated that these tools can be extended to make 3D-woven shoes  [126]
with varying functional zones.  Further,  yarn can be felted  [146],  fabric sheets
laminated [298], or thermoplastic electro-spun and folded [318] into objects with
embedded functionality.

Electronic “e-textile” fabrics can incorporate conductive and resistive elements
through  hand-  and  machine-embroidery  [84,  110,  222,  308],  dyeing  [138] and
printing [393], weaving [100, 370], braiding [274], knitting [182, 283, 303], and cro‐
chet [74].

Knitting, the fabrication technology used in Chapter 5 and Chapter 6, is particu‐
larly suited to producing complex textile structures [376]. Knitting machines—a
mature fabrication technology that has existed for centuries and has been com‐
puterized for decades—can create a wide range of 3D topologies, either through
careful hand-design [391]; with the aid of primitive-based design systems [171, 
233]; or by directly converting 3D models [262, 263, 304]. (I will more thoroughly
discuss tools and workflows for machine knitting in Chapter 12.)
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4. Fabrication Technique: Knitting
Knitting is a way of forming a surface out
of rows and columns of loops of yarn. Un‐
like a woven fabric with its separate warp
and weft axes (as I will discuss in Chapter
8),  a simple knit structure can be formed
from  a  single  continuous  length  of  yarn,
and it is inherently stretchy because of the
meandering yarn path.  The oldest  extant
knit swatches are estimated to have been
produced in the fourth or fifth century CE
in Egypt, and the first machine for knitting
(called  a  “knitting  frame”  or  “stocking
frame”)  was developed between 1589 and
1600  in  England  [332].  Today,  knitting  is
associated with the thicker, cozy fabrics of
sweaters and socks, but it is also the main
fabric  of  t-shirts  and  sporting  and  ath‐
leisure wear, and is increasingly found in
highly technical applications such as medi‐
cal stents.

Whether by hand or by machine, most knit fabrics are either formed by working
back and forth in a flat plane as in Figure 4.1, or in a spiral to form a tube. Each
loop in a column is formed by pulling yarn through the previous loop in the col‐
umn, either from back to front (a  proper “knit”  in hand-knitting parlance)  or
from front to back (a “purl”). Because each loop has a tendency to bend out of the
plane of the fabric in the direction it was pulled, mixing knits and purls within a
sheet of  knitting can give rise to stretchy,  curled,  and bumpy surfaces.  Along
with  combination  of  loop  directions,  knit  loops  can  be  overlapped,  split,  and
transposed, perturbing the underlying grid of loops; these grid variations provide
a rich variety of functionality and embellishment—affecting aggregate proper‐
ties such as elasticity, opacity, thickness/stiffness, and visual aesthetics—and are
often a primary locus of creativity for hand knitters [43, 365]. At the stitch level,
knit  fabrics can integrate a wide range of surface textures with different me‐
chanical properties such as auxetic behavior  [105], which can in turn augment
the functionality of designed objects  [132]. Additionally, changes to the grid can
shape an overall  fabric from a plain rectangle or tube to a fully-knit complex
topology like a sweater or a plush animal [15, 233].

In this work, I follow existing knitting scholarship in distinguishing overall shap‐
ing from textures within a fabric [263], but these two kinds of manipulations are
not necessarily fully separable: for example, mergers between adjacent columns
of loops, which may be required for net shape changes, also create distinct visual
artifacts [173].

Figure 4.1 A basic knit swatch: rows of
loops connect to other loops in columns.
The structure is formed under gravity,
progressing from the bottom to the top.
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Knitting Machines4.1. 
In this work, I am specifically discussing  weft knitting, which is one of the two
main kinds of machine knitting. It produces textile structures which are concep‐
tually of the same kind as hand knitting, but typically at a different scale, often at
a higher complexity, and therefore often with a different aesthetic result. As a
fabrication tool, knitting machines have been used to generate databases of knit
material properties [132] to underpin material-forward ways of designing and us‐
ing knit fabrics, and to create complex technical materials for wearable [178, 213]
and/or robotic contexts [9, 179, 376].

I present here a simplified description of the operation of flat-bed weft knitting
machines; in-depth coverage of this topic can be found in Spencer  [362],  with
summaries for HCI and Graphics audiences in Kaspar  [170],  Narayanan  [261],
and McCann et al [233].

Figure 4.2 Knitting machines have “beds” of needles. Unlike hand-knitting needles,
machine needles are hook-shaped. The hook can be closed off by a secondary compo‐
nent; in this case, it is a independently-actuable slider.

Direction of
motion

Hook

Slider
Yarn

Carrier

Bed

A flat-bed knitting machine forms a knitted structure using rows (beds) of paral‐
lel needles (Figure 4.2). These  slide needles have two major parts each: a hook,
which holds the topmost stitch or stitches in a column, and a slider, which can be
independently actuated to close the hook. The machine additionally has a num‐
ber of yarn carriers, through which yarn flows after passing through a tensioning
apparatus.  The yarn carriers are synchronized to the needle action to provide
yarn to new stitches being formed. Each needle can be actuated to perform a knit
operation,  Figure 4.3: reach forward, grab yarn from a yarn carrier and form it
into a new loop, and pull the new loop from back to front through the previously-
held loop. (This same sequence of motions would  drop the previous loop if  no
yarn carrier were involved.)

Figure 4.3 The knit operation: 1) before the operation; 2) the needle and slider move
up, and any loops in the hook slide down past the slider; 3) the yarn carrier moves
past the needle, laying yarn into the hook; 4) the needle moves back down while the
slider stays up, closing the hook and allowing any previous loops to fall off the tip of
the hook; 5) after the operation, the new loop is held in the hook.
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Needles can also perform a tuck operation (Figure 4.4), which holds the new yarn
in the needle without pulling the existing loop through it.

A  v-bed knitting machine has two beds of needles that meet in an inverted ‘v’
shape, shown in Figure 4.5. A single bed of needles can produce a flat sheet of
knitting, with the loops all pulled in the same direction (from back to front). With
two  beds,  more  complex  structures  are  possible.  Because  the  needles  are  ar‐
ranged facing each other, both loop pull directions (knit and purl) can be con‐
structed. The two beds also enable making two separate faces of fabric;  these
faces can be connected into tubular topologies or into more elaborate multi-face
structures such as spacer fabrics (Chapter 6) and brioche knitting (Chapter 14).
Additionally, v-bed machines support a third needle operation: the transfer (Fig‐
ure 4.5), in which a stitch is passed from a needle on one bed to a corresponding
needle on the other bed.

Figure 4.4 The tuck operation: 1) before the operation; 2) the needle slides forward,
but the slider stays down; 3) yarn is laid into the hook; 4) the needle slides back down,
having captured the new yarn without dropping any existing stitches.

When  combined  with  racking—moving  the  back  bed  laterally,  changing  the
alignment between the two beds—transfers can move loops to nearby needles on
either bed (Figure 4.6). This enables mixing knits and purls within a column of
knitting as well as merging, splitting, and transposing stitches. Choreographing
an optimal transfer sequence can be very complex  [207,  233,  261], though it is
somewhat simplified through the use of half gauge, in which alternating needles
within a bed are allocated for knitting and transferring, respectively [233].

Figure 4.5 The transfer operation: 1) before the operation; 2) the first needle slides for‐
ward to nudge its loops onto the slider; 3) the slider moves past its hook; 4) the other
needle’s hook grabs the loop[s]; 5) both needles return down.

Figure 4.6 The transfer operation being used to move a stitch: 1) stitches on the front
bed; 2) the rightmost two stitches are transferred to the back bed; 3) the back bed moves
leftward relative to the front bed; 4) the stitches are transferred back to the front bed,
now left-ward by one of where they started.
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⁂ Knit Mechanisms
In  Chapter 5 and  Chapter 6, I describe two mechanisms that can be produced
with  v-bed  weft  knitting.  Each  relies  on  a  combination  of  low-level  material
properties—friction and restitution of fiber materials like yarn, polyfill stuffing,
nylon monofilament—and low-level machine-knitting operations like the relative
positions of yarn carriers and the sequence of stitch formation. In  Chapter 5, I
identify a method for inlaying actuable tendons into a knit surface directly with‐
in the knitting process and discuss how sub-structural variations available to ma‐
chine-knitting, such as overall surface topology and knit/purl texture, can pro‐
duce a variety of actuation effects. In Chapter 6, I describe how complex “spacer
fabrics” can be made on a weft knitting machine, and characterize the complex
material properties of such fabrics.

All knitting in Part I was done on a Shima Seiki “Wholegarment” SWG091N2 v-
bed 15 gauge knitting machine using half gauge (as described on the previous
page).  Low-level instructions for the knitting machines were expressed in the
Knitout format  [232] and generated using a set of modular Javascript functions
based on parameters discussed in each section.

Together, the work in this Part contributes to our understanding of weft knitting
as a general-purpose fabrication technology for programmable compliant struc‐
tures with applications ranging from robotics to wearable and architectural func‐
tional fabric.
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5. Tendon Actuation
A “tendon” is flexible structure (such as a cable or yarn) that transmits a force
along its length. In robotics, mechanisms are often explored which mimic the
tendons in human hands, allowing nimble motion at a distance from bulky actu‐
ators  [289]. In textiles, such a structure might also be called a pull-string or a
drawstring; a simple tendon might be hand-sewn into a soft surface for various
motion  effects  [183].  Tendons  are  well-suited  to  the  relatively  high  tensile
strength of textiles.

This work explores fabricating tendon-actuable structures precisely and repeat‐
edly using machine knitting. Notably, the tendons are inserted by the knitting
machine, during the knitting process, but they are not knit in—that is, the tendon
yarn does not participate in any knit or tuck operations, and it does not form
stitches itself; rather, it is interlaced with the stitches by crossing in front of some
stitches and behind others. This is an outcome that is not directly supported by
the machine’s typical production software, but it can be produced by orchestrat‐
ing low-level machine operations according to two techniques:  inlay, which can
be used to produce horizontal tendons, and yarn carrier tangling, for vertical ones.

5.1. Inlay: Horizontal Tendons
The simplest tendon arrangement leverages an existing knitting technique, “in‐
lay,” to interlace a tendon horizontally, across a row of knitting. Inlay technique is
commonly used to introduce yarns that could not be directly knit due to their
stiffness  or  fragility;  however,  it  is  typically  accomplished  using  special  yarn
feeders.

A yarn can be inlaid horizontally into a row in a way that is analogous to weav‐
ing: a subset of the stitches are moved temporarily to the other bed, the inlay
yarn is pulled across, and then the displaced stitches are moved back to their
main needles (Figure 5.1). In order to keep the inlay yarn tidily in place while the
knit stitches are transferred back over it, it is temporarily tucked onto reserved
“holding” needles at the beginning and end of its trajectory as well as at intervals
between the two. On the 15 gauge machine, tucking every third holding needle is
sufficient. These temporary tucks are dropped after the main knitting is trans‐
ferred back into place.

Figure 5.1 Inlay technique for embedding horizontal tendons. a) Stitches formed on
the back bed; b) Every other stitch temporarily moved to the front bed; c) Inlay yarn
pulled across; d) Stitches returned to the back bed; e) Temporary tucks dropped.

(a) (b) (c) (d) (e)
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5.2. Yarn Carrier Tangling: Vertical Tendons
Producing tendons in the column direction requires interlacing with the row-
wise connections of the main knit structure. In conventional use of the machine,
this outcome is typically considered an undesirable “tangling,” which can frus‐
tratingly be caused by innocuous-seeming operations like swapping which carri‐
er is used for a particular part of a structure. By understanding the knitting ma‐
chine at a low level, it is possible to invoke this behavior deliberately for vertical
tendons.

The situation arises from the arrangement of multiple yarn carriers on a knitting
machine. A knitting machine can have multiple yarn carriers, typically to supply
different colors or types of yarn to different parts of a knit job. These carriers
move along rails as they synchronize with the needles; on nearly all machines,
each carrier has its own rail. These are arranged in parallel from the closest to
the front of the machine to the closest to the back of the machine. Often the car‐
riers simply pass by each other when they need to; however, if a carrier has just
supplied yarn to one of the beds, the end of the yarn is necessarily attached to
that bed. That carrier can then trap a yarn from a carrier that is closer to that bed
than it is.

One can thus interlace vertical tendons using three carriers arranged as in Fig‐
ure 5.2: a tendon carrier (“B”) which stays in place, passively supplying yarn into
the resulting fabric in a vertical column, and two main knitting carriers, one of
which moves in front of the tendon carrier (“A”), and one of which moves in back
(“C”). When “A” knits a row, it passes in front of the tendon carrier; when “C”
knits a row, it passes behind; by alternating carriers for the main knitting, rows
can weave around the tendon.

(a) (b)

Figure 5.2 a) “Tangling” technique for embedding vertical tendons. When carriers
must pass each other going right or left, each can only move along on its own rail. b)
Birds-eye schematic of the relative positions of the five carriers required to produce a
tendon on each of two faces of fabric.

B

CA
Back knitting carrier
Back tendon carrier

Center knitting carrier

Front tendon carrier
Front knitting carrier
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Figure 5.2(a) shows a single face of fabric being produced on the back bed. To ex‐
tend this technique to make it suitable for producing tubes, on both beds, the oth‐
er face of the tube must also be knit entirely from the carrier that does not entan‐
gle with the tendon. For example, in the case when the tendon runs up the front
of a tube, the back face of the tube must be knit with the back carrier. Therefore,
if a tendon is called for on each of the front and back faces of a tube, another
knitting carrier must be added that is positioned between the front and back ten‐
don carriers (Figure 5.2(b)), making for three knitting carriers and two tendon
carriers. A machine with ten carriers can thus produce eight vertical tendons in
the same face, or seven vertical tendons across two faces.

5.3. Diagonal Tendons
Diagonal  interlacements  can  be  accom‐
plished  with  either  the  yarn  carrier  tan‐
gling  or  inlay  technique  by  applying  the
methods  described  above  in  a  stair-step
fashion—working  for  a  small  distance,
then  moving  in  the  orthogonal  direction
for a small amount, then returning to ap‐
plication of the technique. For example, to
use the inlay technique, the tendon can be
interlaced with just one or two stitches per
row,  before moving up a  row to  interlace
one or two more stitches, etc.

5.4. Basic Topologies: Sheets and Tubes
As described in  Section 4.1, knitting can be arranged into flat sheets, or tubes
composed of a front and back face, connected either at the sides by a continuous
spiral of yarn, or at top and bottom by a yarn path that zigzags between the faces
(Figure 5.4). For the purposes of this chapter—creating tendon-driven soft actua‐
tion within knitting—tubes are notable because they can contain elements that
provide restoring force after activation, such as stuffing or strips of springy mate‐
rial.

Figure 5.3 Diagonal tendon.

Figure 5.4 a) A sheet. b) A simplified representation of the row and column connec‐
tions in the sheet. c) A vertical tube of knitting. The lighter-colored front face could be
formed on the front bed of the knitting machine, and the darker back face on the back
bed. d) Rows and columns in the vertical tube. e) A horizontal tube, joined at top and
bottom by a zig-zagged yarn path. f) Rows and columns in the horizontal tube.

(a) (b) (c) (d) (e) (f)



Per Section 5.2, tendons can be integrated into both the front and back face of the
tube for bending in each direction, as seen in Figure 5.5(a). A single tendon can
also interlace with both faces sequentially, producing an s-shaped bend (Figure
5.5(b)). A diagonally-set tendon can produce an asymmetric bend (Figure 5.5(c));
two  diagonal  tendons  placed  opposite  each  other  can  produce  twist  (Figure
5.5(d)).

Figure 5.5 Variations on tendon placement.

(a)

(b)

(c)

(d)

5.5. Shaping: Short Rows and Increase/Decrease Shaping
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In addition to straight tubes with consistent cross-sectional geometry, I incorpo‐
rate two shaping techniques that are common in hand knitting, where they are
used for, e.g., the heel of a sock (short rows) or the taper of a hat (decreases). I
show them here to increase the diversity of shapes available for soft knit actua‐
tors.



“Short row shaping” (Figure 5.6) refers to a technique in which some of the rows
of the knit structure do not extend the full width of the structure (Figure 5.6,
left). In other words, they are a way to distort the row/column grid. This distor‐
tion can be used to create local curvature out of plane, or, if used with “match‐
ing” nearby short rows to fill the gaps, to create rows that meander across the fab‐
ric (Figure 5.7).

The row/column grid can also be distorted via the introduction of increases or de‐
creases:  adding a column of stitches, or merging two columns into one (Figure
5.6,  right).  For  example,  this  can  be  used  to  make  vertically-oriented  tubes
branch or merge (such as the thumb on a glove), or horizontally-oriented tubes
bend (Figure 5.13).

Figure 5.6 a) Short rows. The second, third, and fourth rows (counting from the bot‐
tom) are highlighted and contain fewer than a full row’s count of stitches. b) The ab‐
stract yarn path of the short rows. c) A decrease. Two stitches in the second row are
overlapped and thus share a descendant stitch in the third row. d) The abstract col‐
umn path of the decrease.
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(a) (b) (c) (d)

(a) (b)

Figure 5.7 a) Short rows distorting the stitch grid into waves. b) Abstract yarn path
shows the sequence of short rows.
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5.6. Anisotropy: Knit/Purl Texture
In addition to tendons and shaping, stitch-level anisotropy can play a critical role
in actuation behavior. Knitting terminology draws a distinction between a loop
that has been pulled through its parent from the nominal back of the fabric to
the nominal front, typically just called a “knit,” and a loop that has been pulled
through from the nominal front of the fabric to the nominal back, often called a
“purl” (Figure 5.8).

Patterns of knit and purl stitches have specific anisotropic profiles because every
stitch has a tiny bit of intrinsic springy curvature: each “knit” stitch has a ten‐
dency to curl forward in the vertical direction and backward in the horizontal di‐
rection, and each “purl” stitch does the opposite. This small amount of curvature
accumulates with more stitches: a knit fabric made entirely of just one of the two
variants will curl visibly.

Figure 5.8 Knit vs purl. a) A single “knit” stitch. b) An area of all knit stitches, which
has a tendency to curl forward along the vertical axis and backward along the hori‐
zontal axis. c) A single “purl” stitch. d) An area of all purl stitches, with the opposite
tendencies.

(a) (b) (c) (d)

However, knit structures can be designed to use knits and purls in equal or near-
equal quantities; these are called “balanced knits” in both hand- and machine-
knitting. A common knitting structure, “ribbing,” alternates between knits and
purls in a row; since the direction of curl is switched for each vertical “rib,” the
fabric tends to draw in sideways but not curl from top to bottom; this makes it
popular for use in the cuffs and hems of sweaters.  Another common knitting
structure, “garter stitch,” alternates between full rows of knits and full rows of
purls: the fabric is extra stretchy top to bottom and resistant to curling laterally.

Figure 5.9 a) A “rib” pattern that alternates two knits with two purls. Like all rib pat‐
terns, this pattern will tend to curl forward and backward (pulling inward) horizon‐
tally and be stable vertically. b) A rib pattern with one-stitch-wide ribs. c) A “garter”
stitch pattern that alternates between a row of knits and a row of purls. This pattern
will pull inward vertically but be stable horizontally.

(a) (b) (c)



The design of knit/purl patterns can be quite complex—Glazzard [105] discusses
their use in making auxetic textiles—but I used the effect in this work primarily
to create areas of directed bending. In contrast to the usual knitting emphasis of
balancing knits to prevent curling, I deliberately introduced sections of all-knits
or all-purls in order to form a localized hinge or pleat, Figure 5.10 and Figure 5.11.
The curl direction of each stitch as shown in  Figure 5.8 means that a vertical
hinge of purls or a horizontal hinge of knits will result in a “valley fold,” whereas
the opposite arrangements will result in a “mountain fold.”

Figure 5.10 A sheet with a pocket, which is part of the lamp example. The blue area is
a single layer of knitting, primarily garter stitch, and the white is a second layer that
connects to the blue layer at the top, bottom, and right edge, forming a pocket. Just
above and below the pocket, full rows of all-knits define pleats that will bend forward,
as a valley fold.

Figure 5.11 Hinge areas allow the active position of a sheet-shaped sample to fold
along pleat lines.
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5.7. Composition
To summarize, this work identifies three categories of machine-knit actuation
design elements,  shown in  Figure 5.12.  These techniques can be composed to
produce more-complicated shapes. For example,  Figure 5.13 shows a composi‐
tion with a horizontal tube, a horizontal tendon, and decreases at the center of
the tube to pull it into a v-shape. Short rows are used to taper the edges of the
tube.

tendon placement shaping

horizontal

anisotropic texture

Figure 5.12 Machine-knit actuation design elements: 1) the placement of actuatable
tendons: horizontal, vertical, or diagonal with respect to knitting time; 2) a set of basic
shapes (sheets, vertical tubes, and horizontal tubes) and techniques for modifying
them (short rows and increases/decreases); 3) an approach to using the inherent an‐
isotropy of knit stitches to produce areas of the knit surface with contrasting tenden‐
cies to curl, to produce local bending and pleating effects.

diagonalvertical

all-knits rib garter short rows increases & decreases

sheet vertical tube horizontal tube

5.8. Materials Selection Guidelines
For repeatable motions, it is important that a mechanism can return to its origi‐
nal position. In a soft material tendon system, the recovery force must normally
be supplied by a stuffing material; this force must be great enough to overcome
both the friction along the tendon and the stiffness of the main knitting: for good
recovery, one might ideally have a fairly stiff stuffing material, a fairly limp cov‐
ering material, and a fairly slick tendon material. However, there are tradeoffs: a

Figure 5.13 A horizontal tube with inlaid tendon and decrease shaping to bend the
tube into a v-shape.
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stuffing material that is too stiff might lose some of the benefits of soft actuation,
depending on context. A covering yarn may have additional constraints on its ap‐
pearance or other properties, such as conductivity. A tendon that is extremely
slippery may slip out during the fabrication process, or be too weak to actuate
without breaking.

I tested four yarns for the main knitting:

Brand Name Fiber Weight

Yeoman Volga 50/50 wool/polyester 7,143 m/kg

Yeoman Polo merino wool 15,000 m/kg

Yeoman Supersheen acrylic 15,000 m/kg

Tamm Petit acrylic 16,390 m/kg

There are many systems for characterizing the thickness of yarn. Yarn that is
sold on cones for machine knitting is often labeled by “the yarn count system”
which describes the number of strands spun together (“plies”) in the yarn as well
as the thickness of each ply relative to a standard thickness. While the “Super‐
sheen” and “Petit” yarns have different mass per meter, they have very similar
thicknesses; both are characterized as “2/30” (two plies, with each ply 1/30 of the
standard) in the yarn count system. The “Volga” yarn is  about twice as thick.
While the thickness of the “Volga” yarn made for a perceptually stiffer and more
opaque fabric than the others, this stiffness was not enough to affect the motion
of cluster-stuffed mechanisms. I ultimately chose yarns based on visual design
characteristics; for example, the “Supersheen” yarn lends a lacy appearance in
the lamp example, and the “Volga” yarn provides a denser look to the sweater.

Because the exact characteristics of the main knitting yarn does not greatly af‐
fect the mechanical properties, it is possible to use specialty yarns in this role.
For example, I used conductive yarn to create a capacitive touch sensor in the toy
bunny (Figure 5.20).

5.8.1. Friction
I tested several tendon materials: the same Tamm Petit acrylic yarn I used for
the  main  knitting,  a  2/60  weight  pure  silk  yarn,  Superior  Threads  “Omni”
polyester-wrapped quilting thread, and a 0.045″ nylon monofilament.

Of these materials, the fine silk yarn was the slickest, and thus offered the best
recovery for cluster-stuffed objects. However, the quilting thread was stronger so
I chose to use it for actuating objects stiffened with PETG. The nylon monofila‐
ment was neither stronger nor slicker than the silk or quilting thread, and addi‐
tionally was stiff enough to periodically fail to knit cleanly, so I dropped it from
consideration.
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5.8.2. Stiffness
The stiffness of a knit object is determined
primarily  by  the  material  that  is  used to
stuff it, along with its height and thickness.
I tested three stiffeners (samples A, B, and
C): “Morning Glory” brand “Cluster Stuff”
polyester fiberfill,  0.30″  PETG sheet,  and
3mm EVA craft foam. I also tested the ef‐
fect  of  larger  or  smaller  stuffing  areas
when  using  cluster  stuffing  (samples  D
and E). To show the hysteresis in recovery
position, I measured the bending angle of
each sample under increasing loads from
0g until maximum curvature was achieved, then decreasing loads back to 0g.
The samples are shown in Figure 5.15 and the data are plotted in Figure 5.14.

The PETG sheet offers the most complete and quick recovery, but required the
most force to fully bend at the thickness tested; it may thus be too stiff for small‐
er-scale actuations. The craft foam was too weak to recover fully at the size test‐
ed, but it required the least force to actuate so it is suitable for smaller-scale mo‐
tions that are desired to be relatively flat—for example, I used it in the ears of the
toy bunny (Figure 5.20). The cluster stuffing offered less recovery force than the
PETG sheet, but it has the advantages of being fully soft and capable of filling
three-dimensional volumes, such as the arms of the bunny. The recovery ability
of cluster stuffing is greatly influenced by its available volume. A very thick tube,
such as Sample D, can return to very nearly its home position whereas a very
thin one (Sample E) cannot.

Figure 5.14 A plot of the bending-recov‐
ery data shown in Figure 5.15.
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Figure 5.15 Comparison of stuffing materials, A-C, and cross-sectional areas of
stuffing, D-E. Sample A is 1.5″ and stuffed with “Cluster Stuff.” Sample B is 1.5″ and
stuffed with 3mm craft foam. Sample C is 1.5″ and stuffed with 0.30″ PETG sheet.
Samples D and E are both stuffed with “Cluster Stuff”; D is 3″ and E is 0.75″. I show
the full actuating range of Sample A; some other samples achieved their fully-bent
state at higher or lower end forces.
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5.9. Embedding Interactivity
To demonstrate the flexibility of weft knitting, I showcase several approaches to
adding electronic capabilities.

Motor Control5.9.1. 
Motor control can be accomplished with a servo or DC motor setup like the one
documented in the Soft Robotics Toolkit [137, 429]. As shown in my stiffness ex‐
periments (Figure 5.14), the force required to actuate my samples ranged from
100 to 300g. Assuming a 1.5″ diameter reel, this requires 190-570 gram centime‐
ters or 2.6-7.9 ounce inches torque, well within range of a standard servo or DC
hobby motor.

Sensing5.9.2. 
I integrated three sensing mechanisms. First, I used the capability of the tendons
themselves to transmit forces by coupling the tendons to a linear encoder. I used
a simple string potentiometer made from a 10-turn potentiometer and the return
spring from a badge lanyard [25]. By attaching a sensor to each of four tendons—
front face vertical, back face vertical, clockwise diagonal, and counter-clockwise
diagonal—wforward and backward bend and twist can be sensed (Figure 5.16(a)).

Two other sensing approaches involve knitting with a conductive yarn. First, an
area of conductive knitting can be used as a contact pad for capacitive touch sens‐
ing, as I did in the toy bunny example. Second, because the loop structure of
knitting makes variable contact as a knit swatch is stretched, an area of conduc‐
tive knitting can be used as a resistive strain sensor  [24,  399]. I saw resistance
values of 1.29 mΩ at 0% stretch, 499 kΩ at 25% stretch, and 193 kΩ at 50% stretch
for a swatch that was 2.5 cm by 4 cm between the test leads, knit from Bekaert
50/2 Cotton (Figure 5.16(b)).

Figure 5.16 a) Bend and twist sensing using string potentiometers coupled to front,
back, and diagonal tendons. Each tendon is coupled to a string potentiometer which
acts as a linear encoder. b) A swatch knit with Bekaert 50/2 Cotton plated with a hair-
thin elastic.

(a) (b)
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Conductive  yarns  are  often  brittle  and
therefore difficult to knit reliably. To make
a more physically robust  sensor,  the con‐
ductive yarn can be “plated” with another
yarn. Plating is a technique in which two
separate  yarn  carriers  both  contribute
yarn  to  the  same  stitch,  Figure  5.17.  Be‐
cause two separate  carriers  are  used,  the
yarns  don’t  twist  around  each  other;  in‐
stead, one yarn is always closer to the nom‐
inal front of the fabric and the other backs
it.  For  the  capacitive  touch  sensor  in  the
bunny’s belly (Figure 5.20), I plated the conductive yarn with Tamm Petit yarn
for strength. For the strain sensor in Figure 5.16(b), I plated with an elastic yarn
to ensure that the swatch returns to its original shape after stretching.

5.10. Complete Objects
In this section, I showcase machine-knit objects which combine tendons with
shaping, knit/purl texture, and material variations for complex soft actuation.

Figure 5.17 Two yarns knit into the same
stitches using “plating.”

Figure 5.18 The three-way tentacle combines vertical tendon and shaping tech‐
niques: it has three vertical tendons and is shaped with decreases at the top.

Figure 5.19 The gripper combines both tube types and both tendon types: a horizon‐
tal (inlaid) tendon is set into a horizontally-formed tube, and a vertical (yarn tan‐
gling) tendon is set into a vertically-formed tube. An eyelet at the intersection of the
tendons makes it easy to pull the strings through to a Bowden tube. The gripper is
stuffed with cluster stuffing.
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Figure 5.20 The bunny combines both tube types, both tendon types, both shaping
techniques, and sensing. It is formed similarly to the gripper, but shows off the shap‐
ing complexity that is achievable with short row and increase/decrease shaping. Ver‐
tical tendons can actuate the ears, which are stuffed with craft foam. The rest of the
bunny is stuffed with cluster stuffing, and horizontal tendons can actuate the arms in
a hugging motion. The bunny is primarily knit in Yeoman Yarns “Volga” wool/
polyester blend yarn, with an inlay of conductive yarn (Bekaert VN35X4) knit using
the “plating” technique with Tamm Petit yarn for strength. a) Schematic of the bunny
(not to scale). A: direction of knitting. B: Short rows bend the legs and torso. C: De‐
creases to shape the torso. D: Short rows at the edges of a horizontal tube provide
roundness. E: Increases to shape the neck and head. F: Horizontal tendon for arms.
G: Vertical tendons for ears. b) and c) A bunny with conductive belly and separately
actuated ears and arms.
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Figure 5.21 The sleeve of the sweater combines horizontal tubes, sheets, horizontal
tendons, short row shaping, and anisotropic bending techniques. The body of the
sweater shows typical sweater shaping with ribbing at the hem and collar. The
sweater was knit primarily out of Volga yarn to give it an appropriate heft as a gar‐
ment, with the pink sleeve inlays knit out of the thinner Supersheen to encourage
them to buckle back into place more easily. The sweater sleeve was knit with a dou‐
bled-over tendon—a tendon was laid horizontally leftward, then, one row later, the
tendon was laid back rightward again. Because of this, no knotting is needed to an‐
chor the tendon in the knit fabric.
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Figure 5.22 Like the sweater, the lampshade combines hori‐
zontal tubes, sheets, horizontal tendons, short row shaping,
and anisotropic bending techniques. The lampshade was
knit out of Supersheen, which was the visually thinnest of my
yarns, to give it a lacy appearance. Each horizontal tube is
extended above, below, and to the side by a sheet to form a
“sheet with a pocket.” The tendon is inlaid into the pocket,
which can contain a PETG sheet. Each sheet section has
short row shaping to form it into a wedge—one such wedge is
diagrammed to the right (bottom), not to scale. This section
was repeated six times for the complete lampshade, shown
from the back as-knitted to the right (top). Within the wedge,
the main knitting (A) is done in a stable garter stitch with
short rows (B) for overall shaping; areas of all-knit and all-
purl (C) form pleats when the lampshade is relaxed. The pock‐
et (D) is knit with double layers, as shown in Figure 5.10. At
the middle of the pocket, the tendon is inserted horizontally
(E); it is doubled as described in Figure 5.21.

A
B
C
D
E

5.11. Summary
In this chapter, I have introduced industrial machine-knitting as a general-pur‐
pose fabrication technology of relevance to the field of human-computer interac‐
tion.  Using  the  example  of  embedding  tendons  directly  during  the  knitting
process, I have demonstrated the flexibility of low-level knitting machine opera‐
tions;  by discussing the selection of  soft material  characteristics and how to
compose tendons with knitting-specific shaping maneuvers like short row and
increase/decrease shaping, I show how material-level soft technology can be ap‐
proached.

Pliable Materials / 28



6. Spacer Fabrics
Spacer fabrics are a category of knit structures that have a unique springy feel,
breathability, and low density, making them useful for a range of applications
such as uppers of running shoes and padding for orthotics. They are also used as
replacement for foam rubbers for their relative sustainability and resistance to
degrading [240] and as a structured fiber reinforcement for concrete [328]. How‐
ever, these fabrics are typically produced on warp knitting machines, which are
characterized by dedicated yarn feeders for each needle in a bed; these machines
are very large, have relatively high setup overhead, and are typically used to pro‐
duce undifferentiated yardage with very little within-fabric programmability. By
using weft knitting instead of warp, the production parameters of the fabric can
be tuned directly on a stitch-by-stitch basis,  incorporating multiple functional
characteristics in a given object.

6.1. The Spacer Structure
A  knit  spacer  fabric  consists  of  knit
faces and a lofty  filler,  Figure 6.1. In a
classic spacer fabric such as the warp-
knit  ones  in  the  related  industrial
work, this filler yarn is semi-stiff and
holds the two faces apart at a distance.
In this work, I additionally investigate
two  variants:  1)  a  single-face  variant,
the “bristles” structure which I show
in  Section  6.5,  and  2)  a  variant  with
soft filler yarn which can be used as a
soft padding or in velcro-like applica‐
tions as in Section 6.6.

As  stretchable,  compressible,  and  re‐
silient  materials  [422] with  excellent
air  and  moisture  permeability  [212, 
400], spacer fabrics have been used to
replace  conventional  foam  rubber  in
the  context  of  cushioning  and  body
support  [364] and  in  architectural
acoustics [211].

Figure 6.1 The basic structure of a
spacer fabric. Faces are shown in green
and white, and filler in dark blue. A face
may be removed to produce the “bristles”
structure.
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6.2. Producing Spacer Fabrics on a V-Bed Weft Knitting Machine
The main industrial approach to produce spacer fabrics is in bulk using warp
knitting [364]; as such, most material characterizations of spacer fabric focus on
warp-knit materials (with some notable exceptions—e.g., my findings in section
Subsection 6.4.1 improve upon brief claims in [22]). By investigating how to make
spacer fabrics on the v-bed weft knitting machine instead, it becomes possible to
make not just yardage, but entire shaped objects, embedding functionality from
the tunable mechanical properties of the spacer structure as well as electrical
routing (Section 6.6) and complex shaping (Section 6.7).

On a v-bed weft knitting machine, I knit spacer fabrics by alternating between
two basic steps:

A number of  face rows are formed using
sequences of the knit operation, Figure 4.3.
Rows are added to both the front and back
faces, which are knit on the front and back
beds  respectively.  At  this  time,  therefore,
the  two  faces  of  fabric  are  separated  by
only the small gap between the two needle
beds.  This  is  notably  different  than  the
warp-knitting process,  in which the faces
are created with the appropriate distance
at knit time.

Filler rows are added at the same needles
using  the  tuck operation,  which  incorpo‐
rates the yarn into the stitch without form‐
ing another  row of  fabric,  Figure 4.4.  By
tucking at a regular interval onto alternat‐
ing  beds,  the  filler  yarn  forms  a  shallow
lengthwise  zig-zag,  Figure  6.2.  Because
tucking does not add height to the fabric,
subsequent passes of filler yarn add densi‐
ty  to  the  same  face  row  of  the  fabric,  as
shown in Figure 6.4.

The key component of making spacers with weft knitting is that the faces are
knit with an elastic yarn which is in tension at knitting time. After knitting, the
tensioned elastic yarn in the faces causes them to shrink laterally (Figure 6.1),
drawing in the filler yarn zig-zag and pushing the faces apart into the character‐
istic “fluffy” thickness of the spacer fabric.

Figure 6.2 A blue yarn tucked into a pale
green knit stitch, shown from the front
(outside) and back (inside).

6.3. Fabrication Parameters
As composite materials, spacer fabrics have properties that arise out of the inter‐
play between individual input materials and how they are arranged. As shown in
Figure 6.3, I organize these into  material parameters, determined by the yarns
used,  and  geometric parameters,  which are controlled by knitting process and
therefore ultimately by the machine code.

Pliable Materials / 30



Material Parameters6.3.1. 
The material parameters include the stiffness, friction, and stress/strain proper‐
ties of the yarns in the fabric. A spacer fabric has at least three component yarns:

Main Face Yarn[s]: The yarn which forms the faces of the spacer structure can
be any machine-knittable yarn. It is trivial to knit the two faces in two different
yarns, and possible to mix yarns within a face. The thickness of these yarns will
directly contribute to the stiffness of the faces at a given stitch size.

Elastic: An elastic yarn is required to provide the lateral draw-in which produces
the lofty spacer structure. The face yarn can itself be elastic, or an elastic yarn
can be used alongside a non-elastic face yarn using plating (Figure 5.17). The ten‐
sion on the elastic yarn as it is knit can be tuned—elastic knit under tighter ten‐
sion will draw in more—but the elastic must be able to withstand the strain.

Filler Yarn: The filler yarn forms the zig-zag path between the faces. In order to
achieve the lofty spacer form, the filler yarn must be stiff enough to push the
faces apart; because it is only tucked into the face loops (not pulled through into
new knit loops), it can be stiffer than the face yarns.

The main and filler yarns may also have task-specific material properties such as
conductivity. In addition to individual yarn properties, the friction between the
face yarns and the filler  yarn affects  the tactile  qualities  of  the spacer fabric.
“Stickier” face yarns do not spring back quite as easily, and can be stretched out
of shearing bias. For example, I found that the combination of Bekaert VN35X4
conductive polyester yarn and nylon monofilament that I used in the capacitive
sensor shown in  Figure 6.14(a) was somewhat “sticky” in the spacer configura‐
tion.  This  gave  the  button  a  more  malleable  feel,  with  delayed  return,  than
swatches knit with the default slightly-fuzzy acrylic yarn.

As a practical matter, the yarns used for the spacer fabric must be compatible
with machine knitting—that is, they must not be too thick for the gauge of the
machine, nor too weak or brittle to survive the knitting process. Unless other‐
wise  noted,  the  spacer  fabrics  in  this  chapter  were  knit  with  Tamm  “Petit”
acrylic yarn with hair-thin (0.06 mm⌀) latex elastic for faces and KastKing 6lb
test monofilament (0.22 mm⌀)  for color-tinted filler and Hi-Seas “Grand Slam
Mono” 6lb test monofilament (0.25 mm⌀) for clear filler.

Figure 6.3 While the structural properties of a spacer fabric are influenced by many
factors, I identify several material parameters (shown in dark grey italic text) and
knit programming parameters (shown in green text) that can ultimately affect useful
fabric characteristics (shown in white bold text).
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Geometric (Programmable) Parameters6.3.2. 
The geometric parameters of spacer fabric are based on the sequence of knitting
operations, so they can be altered programmatically.

Tuck spacing: The distance in needles be‐
tween a filler yarn tuck and the next tuck
(on  the  opposite  bed).  The  distance  be‐
tween  tucks  must  be  less  than  six  and
greater than one to ensure clean tuck for‐
mation on our 15g machine.

Tuck pattern offset: The distance in nee‐
dles between the tuck positions in one pass
and the tuck positions in the previous pass.

Filler row density: The ratio of filler rows
to rows of face fabric height. As shown in
Figure 6.4, filler rows do not add height. In
knitting, every row has a direction of for‐
mation (leftward or rightward) which must
be alternated. To greatly simplify the pro‐
gramming  of  these  structures,  I  always
pair a leftward pass with a rightward pass;
therefore, in all my examples, the number
of  rows of  each are always even;  I  factor
out this duplication in expressing the filler
row density as a ratio. The fabric shown in
Figure 6.4 has a filler row density of  2/1:
four  filler  row  passes  for  every  two  face
passes (leftward and rightward).

Stitch  size: The  size  of  knit  stitches  pro‐
duced by a knitting machine arises from a
combination of factors, including yarn ten‐
sion  and  post-processing.  The  most  dy‐
namically adjustable factor is the  nominal
stitch  size,  which  is  the  amount  of  yarn
pulled into a loop as it is formed, as deter‐
mined  by  programmable  stitch  cam  set‐
tings. For a given yarn thickness and fric‐
tion, stitch size affects the density and stiff‐
ness of a knit fabric. Within a spacer fab‐
ric, face fabric density can affect draw-in,
as a fabric that is already quite dense may
not be able to draw in further. While a giv‐
en knitting machine has inalterable physical spacing between the needles, the
stitches can be made farther apart by integral multiples of this spacing; in this
work, I knit at “half gauge,” with intervals of one needle between stitches. I did
this both to allow for ease of shaping operations (as described in [233]) and to pro‐
mote good draw-in.

Figure 6.4 Tuck spacing and offset.
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Face fabric knitting order: Which face (front or back) is knit first after a set of
filler rows.

Yarn tension: Depending on the knitting machine, it may be possible to control
the tension on the yarns during knitting. Our Shima Seiki machine allows row-
by-row tension settings for the elastic yarn feeder only. Elastic yarns are typically
knit under tension; in the context of spacer fabrics, the force induced by this ten‐
sion causes the face fabric draw-in. I chose a hair-thin elastic for this work to best
support mixing with a wide range of other face yarns. I found that this elastic
has a narrow range of working tensions without breaking, so in practice, I chose
to keep the elastic yarn tension constant. For the non-elastic yarns, tension is typ‐
ically set to minimize breakage and dropped stitches and it is not altered during
knitting.

To keep my explorations tractable, I decided to maintain constant yarn tensions,
tuck pattern offset (1), nominal stitch size (as expressed in the machine units of
the  Shima  Seiki,  this  was  “stitch”  40,  and  “leading  set”  25),  and  half  gauge
throughout the presented work.

6.4. Resulting Spacer Fabric Characteristics
As described in the previous section, some of these parameters must be kept in a
narrow range to ensure knittability (e.g., elastic yarn tension), and I kept some
constant to avoid exponential explosion. However, others can be altered to affect
the overall characteristics of the composite spacer fabric structure. In the follow‐
ing sections, I outline such characteristics and describe how underlying produc‐
tion parameters can affect them. These effects are particularly useful in the case
of the geometric/programmable parameters: because these can be altered with
machine instructions, hence they can be varied within a given knit object. I pro‐
vide an overview of the relations between knitting parameters and resulting fab‐
ric characteristics in Figure 6.3.

Thickness6.4.1. 
A defining characteristic of spacer fabrics is their thickness. While the thickness
of the individual faces can be altered with thicker or thinner face yarns, the dom‐
inant factor of the overall  spacer fabric thickness is the distance between the
faces. Assuming a filler yarn that is semi-stiff, such as a nylon monofilament,
this distance is determined by two factors: the spacing of the tucks, and the later‐
al draw-in of the face fabrics induced by their elastic.
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As illustrated in  Figure 6.6, when viewed
from the top, the filler yarn layout can be
diagrammed as triangular struts. Consider
each  section  of  filler  yarn  as  the  hy‐
potenuse of a right triangle: when the fab‐
ric is knit,  the tuck spacing sets the base
length   of this triangle, and the gap be‐
tween  knitting  machine  beds  (“bed  gap”)
sets its height .

As  the  hypotenuse,  the  filler  yarn  has
length . When the face fabric
is  drawn  in  by  factor   to  final  length

, the filler yarn remains the same
length, resulting in an overall fabric thick‐

ness of 

The lateral draw-in of the fabric is deter‐
mined primarily by the tension of the elas‐
tic yarn at knit time and to a lesser extent by the face yarn thickness and stitch
size. As described in section  Subsection 6.3.2, the range of possible elastic ten‐
sions for a given elastic may be narrow. The spacing between tucks also has prac‐
tical limits (too small and it’s not a spacer; too large and the tucks may not form
cleanly) but there is variability possible within that range.

In order to test this model, I created sample swatches with tucks spaced 1, 2, 3, 4,
and 5 stitches apart, with other design factors held constant, and measured the
thickness of each sample in three locations. The proposed model is a good fit to
these thickness measurements (Figure 6.7); and, further, the coefficients of the
model (bed gap , shrink factor ) are close to the measured
values for the Shima Seiki machine (bed gap of ≈4mm) and test fabric (shrink of
68%); suggesting that the model might work equally well as a predictive model
given just this information.

Because thickness can be varied with tuck distance changes, different thickness‐
es can be implemented within a fabric without special attention to yarn carriers
or extra yarn-inserting maneuvers. This allows thickness-based surface pattern‐
ing such as the example in Figure 6.7.

Thic

Figure 6.7 This simple model fits measured test data. Differences in tuck spacing can
be used to generate fabrics with areas of different thickness.
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Figure 6.6 The spacer fabric “draw-in
transition” can be modeled by thinking of
the filler yarn as the fixed-length hy‐
potenuse of a right triangle whose base
shrinks as the face fabric shrinks.
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Stiffness6.4.2. 
Spacer fabrics are also notably stiffer than non-spacer fabrics knit with compara‐
ble yarns. Stiffness is the result of several properties: the stiffness and stretchi‐
ness of the face yarns (determined by face yarn, stitch size, and tension), the filler
row density,  and the thickness of  the resulting structure (determined by tuck
spacing, as described above).

To  test  these  proposed  stiffness  parame‐
ters, I knitted swatches varying tuck spac‐
ing  and the  ratio  between face  rows and
filler  rows.  Because  I  found  that  fabrics
with  multiple  monofilament  tucks  on  a
needle at  the same time consistently had
problems knitting cleanly, I excluded cases
in  which  close  tuck  spacing  combined
with higher numbers of filler rows result‐
ed in re-visiting a tuck location before knit‐
ting face fabric at that location. I addition‐
ally  tested  swatches  with  1a)  filler  yarn
tucks all on the same bed and 1b) no filler
yarn  at  all,  to  isolate  the  effect  of  the
monofilament’s stiffness unaffected by the
spacer thickness; and 2) no elastic yarn at
all, to isolate the effects of face fabric density and elastic recovery. These were all
knit with the same number of stitches per face and the same stitch size.

I tested each swatch for bending stiffness in both horizontal and vertical direc‐
tions. Each swatch was positioned in a high-friction (sandpaper) rig and clamped
with a light (150g) weight, Figure 6.8. Successive force was applied until the bot‐
tom edge of the swatch was level with a 45° line from the clamped edge. I chart
results in Figure 6.9. Overall, both thickness and row density indeed affect stiff‐
ness. Because comparable stiffnesses might be achieved with either row density
or tuck distance manipulations (compare the swatch with 1/4 row density at tuck
spacing 5 to the swatch at 2/1 density with tuck spacing 2) spacer fabrics offer
some aesthetic freedom in how stiffness differentials might be arranged.

Figure 6.8 For stiffness testing, each
swatch was lightly clamped to its center
line between two sandpaper surfaces. The
free edge was successively loaded until it
bent below a 45° reference line.

Figure 6.9 Mass required to bend samples to 45° in the bending rig. Blue lines chart
bending in the horizontal direction (along a row); green lines chart bending in the
vertical direction (along a column of stitches). Left: Varied row densities at a constant
five needle tuck spacing. Right: Varied tuck spacing at a constant 2/1 row density.
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Shearing Bias6.4.3. 
Spacer fabrics can have a slight but noticeable mechanical bias in the vertical di‐
rection: under pressure, the fabric will tend to shear to the same direction.

This bias can be produced by altering the order in which the face fabrics are
formed near the filler row,  Figure 6.10. The face which is knit first will tend to
shear downward. The bias can be minimized by alternating between face-knit‐
ting order, and the opposite bias can be introduced after a gap of face rows with‐
out filler rows joining them.

This effect is reasonably repeatable with the acrylic yarns I used, though I have
two important notes for other practitioners: (1) having unequal numbers of front
and back tucks in the first spacer course (which can happen for spacer regions of
certain widths) seems to override the effect of face order entirely; (2) occasionally
(10-20% of the time), the shear bias of a spacer patch will be flipped from what
one would predict otherwise; re-knitting the same pattern will often produce the
expected bias. (One can also clamp a sample in the desired orientation to re-set
its bias; though no examples shown in this paper have been clamped.)

Figure 6.10 Bias formation in spacer fabrics. 1: The knitting machine beds shown
from the side, with two rows of face fabric on each bed. 2: A row of filler yarn has been
added; the springy filler yarn attempts to push the cloth apart, but cannot (owing to
the close spacing of the needles). 3: Adding the next row of one face (shown in green)
allows the filler yarn to spring outward, skewing the connection in one direction. 4:
When the next row is added to the other face, the skew remains and reinforces the
skew of future rows. 5: This skew bias is visible in the final fabric, shown from the
side. In this swatch, the right (green) face will shear downward.

1 2 3 4 5

Soft Linkages6.4.4. 
The bias in spacer fabrics produces a directional shearing motion under pres‐
sure. I demonstrate this effect in Figure 6.11: sections of different bias can be ar‐
ranged, and the fabric folded, to produce a mechanism based on shearing link‐
ages. In one folding configuration, squeezing the fabric tends to shear the outer
layer away from the inner, causing the overall fabric to bend.
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Figure 6.11 Bias in spacer fabrics can be used to make anisotropic shearing linkages.

Robotic Skins6.5. 
The “bristle” structure is formed the same way as the spacer fabric, but one face
is unraveled after knitting. The resulting structure is very similar to a “plush” or
“terry” knit, but with much longer loops than are typically produced in these pro‐
cesses. Knitting a sacrificial face helps ensure that the bristles are formed prop‐
erly; without it, the monofilament may not drop cleanly off the needles after each
row. The most predictable results are achieved if the “sacrificial” unraveled face
was knit in the same kind of yarn as the remaining one.

Inspired by kirigami-clad pneumatic mechanisms, [315], I applied a biased bris‐
tle  skin  to  a  fiber-reinforced elastomeric  extension actuator  [136] Figure  6.12.
When the actuator is pressurized, it stretches uniformly; when it is allowed to re‐
lax, the bristle structure acts as a ratchet and keeps the front part of the actuator
in place while the back slides forward. This “caterpillar” robot is soft and light‐
weight.

Figure 6.12 Biased bristles as cladding on a pneumatic extension actuator.
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“Bristlebots” use springy bristles to turn vibration forces into net motion [281, 
282].  Because the “bristle” structure can have knit-in bias,  fabrics can be pro‐
duced which encourage linear motion to a greater or lesser extent (Figure 6.13).
As noted in Subsection 6.4.3, this behavior shows some variation: the behavior of
the front-face-priority bristlebots is somewhat inconsistent.

Figure 6.13 Varying the face knitting order and bristle height can produce bristle-
bots with different travel directions. Paths are plotted over the first 1 second of travel.
Dots are placed every 30th of a second. Blue paths marked with a circle indicate
swatches knit with alternating face knitting order; green paths marked with a square
indicate swatches with entirely front face priority knitting order. Within each color,
the bristle length is shown as shades from dark (shortest bristles, tuck distance 1) to
light (longest bristles, tuck distance 3).

Sensing and Soft Switches6.6. 
Knitting can incorporate areas of conductive yarns to support sensing [399]. For
example, simple capacitive touch sensors [118] can be constructed from knitted-in
conductive patches [15]. As with any soft sensor, care must be taken to interface
with  rigid  circuit  boards  [307];  weft  knitting  simplifies  this  task  because  the
traces themselves can be placed precisely within a knit, increasing the options
for component placement.

back
(unraveled)

knitting
time

front

Figure 6.14 The face or filler yarns can be conductive, for e-textile sensing. Left: each
face is knit with a separate conductive yarn; capacitive sensing can detect pressure
as the faces are pressed closer together. Right: a bristle fabric with conductive bristles
is a soft resistive sensor.
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Spacer fabrics  lend themselves to  several
useful sensing configurations that can take
advantage of their unique physical proper‐
ties.

First: if both faces of the spacer fabric are
knit  with conductive yarns,  and the filler
yarn  is  non-conductive,  the  spacer  struc‐
ture can act as a force-sensitive capacitive
touch sensor, Figure 6.14(a). I knit conduc‐
tive  yarn  into  areas  of  both  faces  of  the
spacer fabric. One face has edges knit with
non-conductive  yarn  (shown  in  green)  to
prevent  short  circuits  at  the  edges  of  the
faces,  where they curl  and make contact.
Using  an  off-the-shelf  NXP  Semiconduc‐
tors MPR121 capacitive touch sensor chip
attached  to  a  microcontroller  through  an
I2C interface, I was able to detect hover of
a finger just above the surface of the face,
touch  of  the  surface,  and  most  notably,
movement  of  the two faces  towards each
other  as  pressure  was  applied  to  the  top
surface. This final capability is able to take
advantage of the mechanical properties of
the  spacer  fabric  to  create  a  type  of  soft
compression sensor.

Second:  3D  printed  bristle  patches  have
been shown to work as as a soft symmetric
attachment similar to a hook and loop fas‐
tener  [282].  Knit bristles can also achieve
this  effect  if  the  filler  yarn  has  high
enough friction, such as a “felting” (not “su‐
perwash treated”) wool yarn. By mixing a
conductive yarn into the bristle structure, a
soft switch can be made,  Figure 6.15:  the
bristles  are knit  with alternating rows of
conductive and pure wool yarn as the filler,
making the loops both conductive and self-
sticky.  The  wool  loops  provide  adhesion
through high contact area friction, and the
conductive  loops  carry  electrical  signal.
The same swatch is  very  pleasant  to  the
touch  and  can  be  used  as  a  soft  tactile
“stroking sensor” inspired by [182].

Figure 6.15 A “hook and loop”-style
switch.
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Third:  by  combining  capacitive  sensing
with tunable thickness,  a  button pad can
be made which highlights interface areas
with  visible,  tactile  thickness  differences.
These  differentially  raised  areas  can  be
used to form custom collections of soft con‐
trols–in  this  case  the  geometry  of  a  soft
button pad has been formed directly with‐
in the fabric  of  an armband,  Figure 6.16.
For this application as a button pad, I used
simple capacitive touch sensing on the top
surface  only.  The  conductive  yarn  was
plated alongside the main face yarn in the
contact areas.

In the time since the work in this chapter was originally published, Aigner et
al. built on it to produce robust compressive resistive sensors for a variety of in‐
put modalities [9].

All of the e-textile examples in this chapter use Bekaert VN35X4/150POLY/350
(a stainless-steel and polyester yarn) as the conductive yarn.

6.7. Integration into Knitted Objects
Lastly,  the flexibility of v-bed knitting as a process enables combining several
knitting techniques within a knit  object.  Incorporating the tendon-embedding
technique from the previous chapter, I produced a “pre-stuffed” knit tendon as‐
sembly suitable for soft gripping,  Figure 6.17.  The full  assembly has a “palm”
with multiple fingers, each with rounded fingertips. The assembly is knit side‐
ways, in the direction parallel to the fingers, and uses a horizontal inlay for the
tendons. After knitting, the structure is fully bound-off, stable, and ready to at‐
tach to a 3D-printed snap-together mount.

Figure 6.16 A soft control pad. Different
thickness provide tactile cues to the loca‐
tion of capacitive button traces.

Figure 6.17 Fully-knit fingers for a soft gripper. Left: The assembly as-knit. Right:
The gripper shown open and closed.
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6.8. Summary
In this chapter, I investigated weft-knit spacer fabrics as a compliant mechanism
with complexly emergent material properties. By understanding the interplay of
the underlying yarns and the loop-by-loop operation of the knitting machine, it is
possible  to  characterize  local  material  effects  in  the  overall  fabric,  including
thickness, stiffness, and shearing bias. These can be combined with features like
conductivity and overall shaping to produce computationally-knit functional ma‐
terials suitable for advanced engineering applications. These capabilities are pos‐
sible not in spite of but because of the underlying soft properties of friction, elastic‐
ity, and tension.
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7. Background and Related Work: 
Soft Situation and Forms
This Part focuses on how the context of a material technology shapes its design
and development. Many technologies are tightly designed for a specific operating
environment or task; in computational fabrication, this is often assumed to be a
kind of mini-version of industrial production, with the specific goal of producing
a known outcome efficiently and repeatably. Outside this context, it can be diffi‐
cult to adapt or re-use fabrication technologies toward any other purposes; for
people other than enthusiasts, it can be nonobvious why they would even want to
do so. A soft context is less sharply focused. It may encompass varying priorities,
or scenarios that spread out over time or participants, and it taps into subjective
factors like culture and aesthetics.

Contextual  approaches  consider  situatedness:  the  participants,  locations,  rela‐
tions, and histories that shape how something is used; “the ultimate particular”
[264]. Designing for a soft context is no less specific, but it is a specificity that may
shift over time, or be blended with other specifics. In this dissertation and partic‐
ular in this Part,  I blend  the context of computational control and its unique
modalities, such as networked communication and the transmutability of data,
with  the context of textile production as both a highly technological industry
and a deeply cultural practice. I am particularly interested in what it means to
have  a  personal  practice—an  ongoing  relationship  to  a  material  technology—
which must inherently adapt over time, and how such a practice can be seen as a
collaboration between current and future selves. In this, I draw on theories of
procedural design, in which a creator both designs a tunable generative system of
related outputs and uses it to produce new works.

7.1. Personal and Site-Specific Fabrication
Because of its historically high cost,  complexity, and historical ties to military
funding [50], computational fabrication is not typically seen as personal. We of‐
ten imagine robotic fabrication machines operating in spotless factories to pro‐
duce large quantities of consumer goods; these machines are large, dangerous,
and inscrutable. In addition to being fairly unlike real factories, this vision dis‐
counts the possibilities of computational fabrication in a wide range of other con‐
texts. Machines which are less expensive, less dangerous, and simpler to control
can be suitable for a classroom, an artist workshop, or a small research lab. Such
machines can be used by individual creators for everyday tasks like modification
and repair [190].

In 2016, Baudisch discussed the implications of computational fabrication transi‐
tioning from an industrial technology, through being an enthusiast technology, to
being used by “consumers.” He identifies six “challenges” facing the widespread
adoption of such fabrication system, with two in each of the three categories of
society, usability, and hardware (which I find resonant with my materials/work‐
flows/contexts framing), but nonetheless foresees a “massive” shift in the “user
base,” with implications for “new and relevant contents, as well as new forms of
artistic expressions” [28].
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Work in portable and modular fabrication machines has greatly expanded the
possibility of  physically bringing computational  fabrication into new contexts.
Jacobs and Zoran observed that digital equipment which was mobile, robust, and
open-ended enabled their collaboration with Ju/’Hoan artisans in Namibia [159].
The Jubilee system by Vasquez et al from Peek’s lab, Machine Agency, is de‐
signed with modular tool-changing to support a wide variety of tasks, while itself
being relatively easy and inexpensive to build, with demonstrated applications
including lab automation, microscopic imaging, and digital art  [395]. An earlier
work by Peek and Moyer debuts “the laptop of  digital  fabrication,”  a portable
fused-filament 3D printer that can be folded down into its briefcase, to speculate
on fabrication as a site-specific and personal process [295]. Quitmeyer and Pern‐
er-Wilson prototyped “wearable  studios”  for  digital  practice  that  are  arguably
even more personal (being literally wearable) and proposed for anywhere-in-the-
world deployment but particularly tuned to being used while hiking in Panama
and Madagascar [313].

Other work has focused on making digital  technologies accessible and highly
contextual by prioritizing materials and processes that are already available to a
maker, such as cardboard [147, 294], paper [311], DIY conductive paint and oven-
bake clay  [301]. In  Chapter 9, I discuss a Jacquard loom that is specifically de‐
signed to be portable and modular, and to support unusual materials and out‐
comes.

7.2. Production vs Practice
Any interest in fabrication outside the context of industrial production, and a
generally broadened idea of where and when tools might be deployed, necessari‐
ly encounters the long-running and contentious conversation in the arts and hu‐
manities on the relationship between automation and creativity. Especially since
the Industrial Revolution introduced new levels of automation, including the me‐
chanical reproduction of decorative artifacts [33], various schools of art philoso‐
phy have venerated “hand” work and, by extension, have regarded overly auto‐
matic tools with suspicion or disdain (naturally, without a particularly rigorous
definition of “overly”). These conversations have complex overlap with analyses
of power and the control  of  production,  with industrial  automation developed
and cloistered as a capital asset that has historically disenfranchised indepen‐
dent creators and devalued creative labor. However, of course, almost all creative
processes make use of some kind of tools. Indeed, expert practice is often distin‐
guished by the expert’s use of highly-refined personal tools, and partial automa‐
tion—everything from woodworking jigs to stencils to the use of gridded drafting
paper—is frequently and quite uncontroversially used to allow creators to focus
on the part of the creation process that is most meaningful to them. In an at‐
tempt to reconcile these threads, David Pye [310] establishes a key difference be‐
tween:

• Production work, in which, at the time an object is created, the processes,
materials, and aesthetic decisions used to make it are pre-determined to as
great an extent as possible and

• Artisan (Pye  uses  “workman”)  work,  in  which  elements  of  the  creation
process  and  its  output  can  be  decided  and  altered  during  the  creation
process by the creator.
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Pye explicitly does not assign moral or aesthetic superiority to either of these
modes, nor does he draw a sharp line between them. However, he states that
there are material outcomes can be produced in each mode that could not be pro‐
duced in the other. I note that this framing does not distinguish between differ‐
ent kinds of creative ability and goals, nor (because Pye was writing before the
wide adoption of computerized production machinery) does it address the possi‐
bility  of  temporal  fluidity,  meta-  and under-determination,  and branching  en‐
abled by computational tools.  However, I find production vs artisanship an in‐
triguing framework to motivate the roles of interactivity and creator agency in
creative processes, and to help identify “production”-oriented priorities (such as
efficiency and precise replicability)  which may be less relevant in “artisan” or
other contexts.

7.3. Computational Craft
In including contexts for computational fabrication that go beyond “production”
needs, and particularly in focusing on textiles, I overlap with work done under
the banner of “computational craft.” “Craft” is a contentious and overloaded term
[268]: at some times, it evokes a mysticism or ineffability; at others, it shades into
dismissive or even derision (especially when applied to female-coded techniques
like sewing). In the “computational craft” context I summarize it as the set of fab‐
rication processes available to and practiced by not-necessarily-expert hobbyists,
with an emphasis on applied arts such as sewing, woodworking, origami, and
metalwork, and with especial emphasis on those commonly practiced by women
and girls, such as hand-knitting, quilting, and beadwork.

In 2000, Blauvelt et al  [35] grouped “computational craft” approaches into three
stated categories: 1) software applications for planning craft objects; 2) craft me‐
dia which integrate electronics; and 3) systems for designing with heterogeneous
collections of materials,  such as a tool for building electronic crank automata.
The authors also note some ways in which computational craft brings computing
concepts into craft domains; for example, by applying the lens of programming
language analysis to craft notations such as origami folding instructions. Much of
the work in this dissertation could be grouped into a broad version of their first
category—computational concepts and tools for reasoning about and producing
objects—with some e-textiles results (category two), such as in Section 5.9,  Sec‐
tion 6.6, and Subsection 13.3.2.

However, these categories are fundamentally one-directional,  with the frankly
patronizing assumption that the “craft” aspects will be improved by the “compu‐
tational” ones. Buechley [46] and Pearce [293] note that the reverse is quite possi‐
ble: concepts and norms from the crafting context, including social identity, open
collaboration, political activism and subversion, and sustainability, might be use‐
fully brought into computing practice. For example, hybrid fabrication tools can
center the role of artisanal knowledge  [437], and craft-based activities can give
resonance to a digital narrative [13, 368].

My work is  aligned with HCI research which explicitly  centers  crafting con‐
cerns,  such as  hybrid  woodworking systems  [223,  331,  436],  augmented hand
tools  [423], and, in textiles: the AdaCAD system for designing woven e-textiles
[100], the eLoominate system for scaffolded hand-knitting [114], Smith’s work on
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generative quilting and embroidery patterns [357], and Igarashi & Igarashi’s line
of inquiry into tools for specific handcraft practices like plush toy design  [148],
crochet [150], and dimensional beadwork [149]. Notably, these works seek to aug‐
ment creative craft practice but not to obviate it; especially in the Igarashis’ re‐
search, the value of engaging in a handcraft practice is assumed. In a computa‐
tional crafting work on hand-sewn smocking embroidery, Efrat et al describe a
“hybrid bricolage”—a process of assembling conceptual modules into a desired fi‐
nal output  [80]. Users of their system browse a “catalog” of smocking patterns
and recombine them in a “bricolage” that is deliberately based on trial-and-error
instead of predictive simulation. These computationally mediated practices are
not simply about efficiency or precision,  or even necessarily about supporting
“novice”  creators,  but  are  about  developing  qualitatively  different  experiences
and outcomes from unmediated craft practice.

Social Computational craft7.3.1. 
Social connection is a deeply entangled context of craft practices. Physical crafts
such as sewing or building miniatures are often taught and practiced socially—
for example, from parent to child, between children at a summer camp, or in
hobby “guilds” like quilting circles [340]—and online craft communities such as
the knitting and crochet site Ravelry are well-populated  [94] despite the chal‐
lenges of representing physical hobbies in virtual space [189]. Social activities in
crafting include working adjacently [128] and collaboratively [323], gifting crafted
artifacts  [196], aligning with community aesthetics  [128], and exchanging feed‐
back on craft processes and outcomes [383]. These activities are particularly rele‐
vant in the context of long-term engagement with learning a skill or maintaining
a practice.

Within HCI research, the social context of crafting is the basis of Spyn  [325],
which allows hand-knitters to tag their knitting with machine-readable metada‐
ta; users of the system attached a range of media from audio messages to photo‐
graphs of their surroundings as they worked. The narratives of the works ranged
from travelogues to music “mix-tapes,” and they encoded social hopes, mundane
thoughts, and personal reflections on their knitting design—all reflections of the
knitter’s personal context during the process.

In this dissertation, the craft and craft-like practices I reflect include the value of
hands-on labor, the possibility of an ongoing personal relationship with a materi‐
al process, and the mutually beneficial entanglement of fabrication and social in‐
teraction (in this Part, as well as in the discussions with creators in Part III).

7.4. Textiles and the Fiber Arts
While “crafts” (as discussed above) and “the fiber arts”—felting, weaving, knit‐
ting, sewing, knotting, braiding, and an enormous abundance of related textile
techniques—are heavily associated in the popular imagination, they are not syn‐
onyms. Additionally, most textiles are created industrially, at massive scale. (Tex‐
tiles had an approximately trillion-dollar global market size in 2023  [113,  375].)
Creating with fabric can be an expressive outlet for a teen fashion designer, and
it can also be a means of producing highly engineered material at a range of
scales from tiny braided surgical  stents to geotextiles which cover entire hill‐
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sides. The production of textiles is an ancient form of technology which signifi‐
cantly predates recorded history. For example, physical evidence has been un‐
covered that points to the use of twisted fibers even by Neanderthals  [125], and
other direct evidence suggests that weaving dates to at least 25,000 years ago
[359]. Sophisticated textile techniques have been refined across human culture;
specific technologies can be a cornerstone of a cultural identity, from the syncret‐
ic print designs of the west coast of Africa [85] to the constructed mythology of
aran knit sweaters [332]. The “fiber arts” can be associated with deep artisanship,
including complex tooling and dense jargon, and can be an expressive medium
for artistic expression.

Fiber Arts and Computation7.4.1. 
While it is not particularly accurate to say that “the first computer was a loom”
this popular memetic idea  [21,  161] reflects that historically, influences between
the computation and fiber arts, especially weaving, have been complex and bidi‐
rectional [235, 326]. Ada Lovelace famously used a weaving metaphor when de‐
scribing the complex possibilities of mechanical computation: “We may say most
aptly  that  the  Analytical  Engine  weaves  algebraical  patterns  just  as  the
Jacquard-loom weaves flowers and leaves” [217]. The use of punched cards as pro‐
gram storage for weaving, as initially developed by Bouchon in 1725 and popular‐
ized by Jacquard in 1804 [306], influenced Hollerith’s design of census-tabulating
equipment [273] and thereafter the use of punched cards in general-purpose elec‐
tronic stored-memory computing [61].

Program storage can itself be textile. Inca khipu, at “the height of their develop‐
ment” by the 1400s CE, encoded data through knot topology and yarn character‐
istics [23]. Much more recently, magnetic-core memory was developed that stores
non-volatile random access memory in magnetic cores at the interlacements of a
woven plane, and core rope memory encodes its read-only data directly in its
carefully-crafted physical  braid  [352].  These were simultaneously cutting-edge
computational technology, e.g. in their role as part of the US space program, and
also often explicitly associated with the hand-weaving needed to produce them
[326], with the core rope memory casually referred to as “Little Old Lady” memo‐
ry (regardless, of course, of the age, gender, or size of its maker [352]).

Beyond pure function, the forms and aesthetics of fiber arts can shape computa‐
tion. Susan Kare drew on her experience with counted-stitch embroidery to de‐
sign the literally iconic pixel art of the Apple Macintosh [180]. Irene Posch’s Em‐
broidered Computer implements a deeply material-driven and stunningly beau‐
tiful functioning computer entirely from relays constructed with hand-embroi‐
dery and magnetic beads  [305]. Smaller-scale e-textile works have investigated
how computation can be stitched with heritage fiber arts like goldwork embroi‐
dery [164], Turkish needle lace [410], or honeycomb smocking [10, 127].

In the other direction, computation has of course had major effects on the indus‐
trial production of textiles, while individual fiber artists have incorporated com‐
putation and computational thought into a wide range of projects. Algorithmic
approaches to knitting and crochet include embedded ciphers  [291] and proce‐
dural hyperboloid surfaces  [230,  239];  within weaving, contemporary practices
incorporate laser-cutting  [11,  45,  413],  glitch  [231],  and the use of Photoshop to
process pixel imagery into complex weaving patterns [338]. The introduction of

Malleable Contexts / 47



weave planning software and even home electronic dobby looms in the 1980’s
spurred new capabilities  [411] and even new aesthetics of handweaving  [337]. (I
discuss the landscape of computational weaving tools in Section 8.3.)

All of this comes together as an incredibly multifaceted context for textiles, and
especially for weaving, which is the focus of this Part. I play with the cultural as‐
sociations of weaving, juxtaposed against the context of online streaming, in Sec‐
tion 10.6, and I draw on specific technical practices in weaving throughout, no‐
tably in translating Schlein’s Photoshop-based digitization technique  [338] to a
real-time photographic shader in Section 10.4 and supporting double-cloth struc‐
tures in Subsection 9.3.1.

7.5. Aesthetics of Computation
In this Part, I consider not just the materiality of woven fabric, but also the mate‐
riality of computing. While theoretically any forms could be represented in com‐
putation, a subset of these have been particularly developed by artists and practi‐
tioners.  The digital  humanities include everything from computer music  [129, 
224] to poetry generators and hypertext [402] to algorithmic visual art; the inher‐
ent fungibility of computation has made discussions across and between these
areas possible and influential. In this work, I primarily focus on visual culture
and patterning, but the related work does not necessarily fall neatly into this cat‐
egory:  e.g. it  includes applications of  live-coding — typically applied to perfor‐
mance-based work like music — to weave pattern generation [57] and conversely,
the use of textile objects as a basis for generative music [321].

Computational  media often builds on conceptual  groundwork laid by instruc‐
tional artists, such as Sol LeWitt [104] and Yoko Ono [276], who specified visual
or performance works textually to be interpreted by gallery installers or directly
by the audience. Early computer graphics pioneers such as Vera Molnar [243] de‐
veloped methodological  tactics,  such as  variability  and multiplicity  [320],  that
continue to influence computational visual culture. (Amusingly, Molnar charac‐
terizes her work with an IBM 370 computer as serving “to minimize the effort re‐
quired during the preparatory phase of making a picture,” which may seem to
contradict the production/practice dichotomy I discuss in Section 7.2. However, it
is clear from the surrounding text that she means that the advantage of the com‐
puter is to work through a multitude of possibilities, in “not only the stepwise ap‐
proach toward the envisioned goal but also sometimes the transformation of an
indifferent version into one that I find aesthetically appealing”  [243]—in other
words, as a tool to aid the exploration of a full space instead of a single output.)

In  addition  to  computational  methodologies,  computational  aesthetics have
arisen,  often from algorithmic models of  natural phenomena such as Voronoi
and reaction diffusion algorithms [216, 288]. The method for synthesizing Perlin
noise was published in 1985 [300] and has become ubiquitous These visual algo‐
rithms are recognizable not necessarily in their specific forms, which are inher‐
ently malleable, but in their generational logic and visual style; they are instantly
perceivable  as  “computery”  (despite  the  technical  possibility  of  making  them
physically, in the case of Voronoi and reaction diffusion figures).
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In this dissertation, I particularly relate to two aspects of computational media
practice: procedural and emergent generation, and transcoding and glitch.

Procedural Generation7.5.1. 
Procedural generation could encompass any production methodology in which
the output is designed indirectly, by designing the higher-level production pro‐
cesses. Such a methodology is not necessarily uncertain—for example, a fully de‐
terministic generator could be used solely to save disk space in a computer game
[169]—but it is often referred to as “emergent” when the results are perceived as
“greater than the sum of the inputs”: when there is unpredictability or complexi‐
ty beyond what the designer explicitly encoded. (While mathematically “true”
randomness cannot arise purely from computation, perceptual randomness is an
altogether different quality [314].)

Art and artisanal processes have a long history of working emergently [356]. A
unifying motivation in many of these methods is the possibility of producing re‐
sults not directly intended by the creator, often pushing the creator to take the
work in different directions than originally envisioned. Modern art movements
such as Dada and Fluxus looked to mechanics like random instruction cards and
improvisational games to provoke and complicate their work  [70,  197]. Western
interpretations of tie-dye and raku pottery glazing center surprise, and flexibility
in interpreting a result [360].

Procedural generation is currently deployed broadly, in domains ranging from
architecture to online product descriptions (though these are increasingly dele‐
gated to “generative AI,” which is outside the scope of this discussion of proce‐
dural aesthetics because it relies less on the algorithmic process and more on the
dataset);  for  an  example  in  textiles  design,  Knit  Yak  produces  machine-knit
scarves with patterning based on mathematical rules of elementary cellular au‐
tomata [347]. Crafted parametric spaces in digital fabrication tools often seek to
computationally  optimize  structures  for  robustness  or  ease  of  production,
e.g. Forte [420].

The topics  of  possibility  spaces  and parameterization are  fundamental  to  the
field of  procedural  generation research,  which has long been concerned with
shaping the possible outcomes in systems which are both highly automated and
highly chaotic. Particularly in Chapter 10, I draw from Karth’s overview of the di‐
mensions of procedural generation, which primarily cites examples from game
design and net art [169]. Karth documents the poetics of generative systems—that
is, “what it means when we use a particular form of generation and what effect it
has on the player”—and classifies generative systems along several properties.
Particularly relevant to the fabrication context are the properties of form (in fabri‐
cation, likely to be an artifact or part of one) and  locus (the user’s interactions
with and perceptions of the system itself), each with its own gestalt aesthetics.
Karth’s writing provides a helpful frame in thinking about artifact and experi‐
ence in interactive fabrication, as he highlights that it can be difficult to draw a
line around “a single output” in any generative system. Aspects like temporal
scale and the “surface” of the generator can affect this: for example, a Twitter bot
might be encountered either as a single daily message in one’s feed or as a collec‐
tion of tweets in a book; the latter form encourages understanding the output not
as individual messages but as an oeuvre. Drawing these lines is even more com‐
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plex for an interactive system, where the “output” could either be a single system
contribution—one modification of the in-progess item—or the final collaborative
result. I discuss this framing, and the need to consider of interactive fabrication
at multiple physical and temporal scales, in more depth in Subsection 10.7.1, and
it directly inspired the improvisational “Paths” interface in Chapter 13.

Transcoding and Glitch7.5.2. 
In his writings on computation and creativity, Hofstadter circles around the idea
of parameterization as a lens for thinking of creativity  [135]. (Hofstadter calls a
possibility space an “implicosphere”: an implicit counterfactual sphere.) He de‐
scribes a series of metaphorical knobs, with the slight tweak of a knob—“slip‐
page”—revealing not only a new outcome, but some insight on how the knobs
themselves might be defined. This idea can be akin to “glitch”: an act of formal
destructuring, or minor destabilization, which surfaces an underlying structure
[238]. Technically, most glitch practice is formed around the process of slightly
modifying a digital file in a way unintended by its software specification. For ex‐
ample, the bits of an image file can be edited with a text editor, with results that
can be difficult to predict [237]. On a higher level, glitch relies on a fundamentally
digital process of transcoding: the bits of a file can be interpreted as either pixels
or  text,  and  the  process  leverages  the  gap  between  these  interpretations.
Transcoding can also occur across domains. For example, artist Robin Sloan de‐
scribes what he calls  “the flip-flop”:  a  process,  either by an individual or at  a
broader cultural level, of transcoding physical artifacts to digital data and back
again,  which results  in creative explorations that could not be conceptualized
otherwise—for example, dance moves inspired by video footage that skips or re‐
verses [354].

Manon notes that glitch is by definition digital, software-based, based on copies,
and therefore only “simulated risk,” remaining “low-stakes” despite its “un-tame”
appearance [225]. However, glitch can be thought of more broadly as a deliberate
introduction of errors, which is of course very possible in fabricating physical ob‐
jects. In 3D printing, deliberate over- and under-extrusion has been used to pro‐
duce semi-predictable  tactile  objects  in  filament  [204] and clay  [351] printing.
Glitch visuals can also be generated in the usual way and applied any medium
which can represent pixels, such as weaving [231, 367] and knitting [339].

I explore specific processes of transcoding and glitch in Chapter 10 and Chapter
14.
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8. Fabrication Technique: Weaving
Simply defined, weaving is the process of
making  a  fabric  out  of  interlaced  sets  of
threads,  Figure 8.1; typically a  weft thread
is passed over and under a tensioned warp.
This process, with its myriad variations, is
one of  humanity’s  oldest  and most  wide‐
spread technologies.

Woven fabrics include the denim in jeans,
wool and linen suiting fabrics,  the taffeta
of a ballgown, the ripstop materials used in
sporting gear such as tents, the fiberglass,
carbon  fiber,  and  kevlar  fabrics  used  in
resin composite materials,  and many fur‐
nishing  fabrics  such  as  most  upholstery,
carpeting,  and curtains.  Most  woven fab‐
rics  have  two  axes  of  tensile  strength
(along the warp and along the weft); unless
the  underlying  yarn  is  stretchy,  a  woven
fabric  will  resistant  to  strain  along  these
axes.

8.1. Looms and Jacquard Weaving
As a fabrication technology, weaving is remarkable for its range of possible tool
setups, from the simplest hand-held peg or backstrap loom to multi-story indus‐
trial powerlooms. A loom is any device that simplifies the weaving process, from
very low-tech pin looms such as one a child might use at summer camp, to high‐
ly automated, high-speed computerized production looms used industrially. As
Bauhaus weaver Anni Albers describes, “any weaving, even the most elaborate,
can be done, given time, with a minimum of equipment.  The main incentive,
therefore, for perfecting the weaving implements has always been that of saving
time.” [17].

A loom supports weaving by, at a minimum, holding a set of threads (the  warp
threads) parallel and at tension. This task can be quite straightforward; minimal
solutions include the peg frames common in tapestry handweaving as well as
simply tying the warp between the weaver’s body and a nearby stationary object
(a “backstrap loom”). Most production looms include rotatable beams for holding
a longer warp and managing the fabric as it is woven.

Figure 8.1 A basic woven swatch: a weft
yarn (shown in blue) interlaces with warp
yarns (white).
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Second, the major category of looms that is relevant to this work can selectively
raise or lower some of those warp threads, forming a gap known as the shed, al‐
lowing the  weft to interlace quickly without the weaver manually threading it
over and under each warp. This task can be accomplished by a great variety of
mechanisms. Simpler looms, like most hobbyist looms, can only select amongst a
number of sets of warp threads determined by the quantity of “frames” (or “har‐
nesses”/“shafts” depending on the specific mechanism) available on the loom.
For example, a very basic loom might support only two sets, Figure 8.2. A weaver
might allocate all the even-numbered threads to one set, and all the odd-num‐
bered ones to the other; at weaving time, that weaver can only alternate selection
between those two sets, producing the “plain weave” structure shown in Figure
8.1. A more typical number of frames is four or eight. Frame-style looms occa‐
sionally (but rarely) have up to twenty-four frames, at this high end often requir‐
ing the support of an analog or electronic “dobby” mechanism to keep track of
which sets should be selected in a row. Designing a weaving pattern for frame
looms  is  an  expert  task.  Notably,  the  patterns  which  can  be  woven  are  con‐
strained by the loom’s setup; changing the setup is labor-intensive and is typical‐
ly only done when an entirely new fabric is begun.

In contrast, a “full Jacquard” loom is one in which every warp thread can be se‐
lected individually. This style of loom is commonly attributed to Joseph Marie
Jacquard, whose 1804 model used punched cards to control the selection of each
pattern row [86]; related concepts were considered even earlier, including inven‐
tions by Basile Bouchon in 1725, Jean Baptiste Falcon in 1728, and Jacques Vau‐
canson in 1740  [306]. These increasingly automated weaving machines formed
the functional and symbolic heart of the early stages of the Industrial Revolution.
The Jacquard loom in particular holds an important place in the history of com‐
puting  by  including  both  a  stored  numerical  representation  of  a  task,  and  a
mechanism for interpreting that representation to automatically carry out a se‐
quence of actions [86, 316]. Electronic versions of the Jacquard loom, with com‐
puter-controlled solenoids standing in for the punched cards, are used heavily in

Figure 8.2 Looms can be categorized by their range of patterning complexity. Left:
an abstract loom with two selectable subsets of warp threads; every warp thread is ei‐
ther allocated to the first frame (shown in blue) or the second one (orange). Without
manually overriding the pattern, this is just enough to produce the “plain” (checker‐
board) weave. Center: with four frames, more patterning variants are possible. In this
case, the warps are assigned in a repeating incremementing sequence to the four
frames (weavers would call this a “straight draw”); two of the frames have been raised
for each frame of the weaving, again in a repeating incrementing sequence, to pro‐
duce a “twill” pattern. Right: a fully Jacquard loom allows any warp thread to be se‐
lected independently of the others. In this case, a “shaded satin” pattern has been wo‐
ven, with a more weft-dominant pattern one one side of the loom subtly shifting to a
warp-dominant one on the other.

shed

weft

warp
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today’s global textiles industry. Industrially, the flexibility of Jacquard warp se‐
lection is valuable because a different weaving pattern can be deployed without
the setup overhead that would be required to change patterns on a less-complex
loom. (This setup time can be measured in days or even weeks for an industrial
machine.)

More broadly, this fundamentally computational approach allowed the Jacquard
loom to escape from the confines of a limited set of actions (in this case a pre-de‐
termined set of shed patterns) to a more general and complete capability, dramat‐
ically expanding the range of expression to include all possible shed patterns.

8.2. Production and Handweaving
“Jacquard” simply refers to support for computational patterning in warp selec‐
tion, but Jacquard looms are often used in industrial production and are thus au‐
tomated in other ways as well. Industrial looms are expensive, large, and as fully-
automatic as possible; in addition to Jacquard selection and mechanically-driven
shedding, an industrial loom inserts and compresses the weft, manages spooling
and  un-spooling  the  warp  and  the  cloth  as  it  is  formed,  and  may  even  post-
process the fabric in specialized applications (e.g. cutting apart velvet [392]). Con‐
temporary industrial Jacquard looms have been refined over centuries and un‐
der a tremendous amount of economic pressure to produce consistent fabric as
quickly as possible. Such looms are capable of truly wild weaving speeds, such as
1200 picks (selection and weft insertion cycles) per minute [275].

At the other end of the scale of automation, a handloom requires a weaver to in‐
sert and compress the weft, as well as to attend to other matters of craft such as
managing tension (to a greater or lesser extent depending on the specific loom).
A handloom can produce a much wider range of fabric types than a specialized
industrial loom, and the interactive process of weaving offers opportunities for
creative improvisation and learning. However, handlooms that are suitable for
prototyping,  experimentation,  and  playful  or  meditative  use  may  not  support
complex patterning, or may require a great deal of expertise or effort to achieve
these effects.

Striking a balance between the patterning complexity of an industrial loom and
the material flexibility of an artisanal one, Digital Norway’s TC2 Jacquard Loom
[78] and AVL’s Jacq3G [7] are commercially available looms which combine com‐
puterized Jacquard selection with otherwise mostly-manual  control.  (They do
both have optional features for assisting with tensioning and fabric take-up com‐
parable to other large handlooms.) These are used in “production prototyping”
contexts, as well as by textile design students and very serious hobbyists.

8.3. Software Tools for Weaving
Handweavers have embraced computer-aided design tools since the dawn of per‐
sonal computing [338], and the contemporary handweaving ecosystem includes
social networking sites  [280], mobile apps  [335], and the use of Photoshop as a
weave planning tool  [338]. Professional weaving design software such as Point‐
carre [99] and the Arahne suite [302] includes features such as generating weav‐
ing  patterns  from  photographs,  parametric  design  for  standard  patterns  like
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plaids and stripes, rendering weave swatches into product mock-ups for internal
use or advertising,  and interfacing with industrial  computer-controlled looms.
These tools primarily position weaving design as a graphical composition task,
with support for tiling, repeats, and colorway variants. The conversion to woven
structures is largely done through applying sub-structures from libraries of possi‐
bilities, though they allow thread-level changes for expert users. Lastly, the com‐
pany WOVNS  [68] offers  a  weave-on-demand service scaffolded by their  own
weave design platform, which uses a similar approach but with a much smaller,
curated set of structure palettes to reduce the complexity for the designer and
lower production overhead.

Many of these tools are either based on Photoshop-like pixel manipulation or a
traditional weaving notation called a “draft.” As a representation of the relation‐
ship between a surface of  fabric,  the allocation of  warp threads to the loom’s
frames, and the row-by-row instructions for producing a fabric  [394], drafts are
particularly suited to hand weaving on a frame loom; they are less helpful for ful‐
ly manual or fully jaquard weaving, or for fabric structures with interlocking lay‐
ers or complex routing requirements. Pixel manipulation is well-suited to con‐
verting graphic elements for Jacquard weaving, but it requires constraining the
available design space in ways that may be difficult for non-experts to under‐
stand.

Contemporary artisans working in “complex weaving” (a loose term that covers a
variety of technically intricate woven structures, including multilayer and shape-
changing fabrics) have highly developed personal notations and workflows for
reasoning about and producing their patterns [77]. These may draw on historical
ways of thinking about woven structures (e.g. named types of fabric), but are also
often experimental and idiosyncratic.

Weaving in Human-Computer Interaction Research8.4. 
Within HCI, weaving has been explored in many contexts  [73], including as a
technocultural phenomenon  [324], as a site for personal expression and reflec‐
tion [37, 277], and as a fabrication technique for functional materials. In the last
category, weaving has particularly been explored for e-textile applications such
as sensors [145, 188, 370] and displays [34, 74, 174]. The AdaCAD system provides
a structure-based representation of weaving, allowing the user to track specific
yarn connections and separate woven layers, which is particularly important in
e-textiles work [100]. In response to the possible wastefulness of e-textile materi‐
als, the Unfabricate system supports the production of woven artifacts designed
to unravel for material reclamation [417] Researchers have also studied the fabri‐
cation possibilities of “3D weaving”—the construction of dense objects as stacked
interlaced layers—and created special-purpose tools to help users manage the
complexity of designing for this fabrication method [126, 416].

The wide-ranging research interest  in  weaving motivates  the  development  of
tools  and  infrastructure  for  experimental  weaving,  especially  with  complex
structures and/or unusual materials.
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⁂ Personal Practice in Computational Handweaving
In Chapter 9 and Chapter 10, I present two explorations of blended computation‐
al and handcraft practice.

Each describes an engineering intervention that underpins a set of “sketches”
combining computational modalities with handweaving. In  Chapter 9, a novel
portable and inexpensive Jacquard handloom becomes a site of interactive, net‐
worked, and ongoing day-to-day weaving. In Chapter 10, I show how reverse-en‐
gineering the control protocol of a powerful Jacquard handloom enabled flexible
integration with video processing, computer vision, and the Internet and prompt‐
ed questions about procedural generation under the resource constraint of manu‐
al weaving.

This work offers shifting roles for a creator within a computational fabrication
system: as the designer of a procedural system, as a participant in the weaving
process, even as a remote collaborator. The work is situated in the blended con‐
texts of the fiber arts, of computation, and of personal practice. Each contributes
tendencies and opportunities, from the computational logics of woven interlace‐
ments, such as double-cloth or shaded satin weaves, to the modular malleability
of a data stream.
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9. A Personal Jacquard Loom
In this chapter, I discuss the design and engineering of a loom that was concep‐
tualized as a personal loom, with the intention of serving a range of end users in‐
cluding artisans and researchers, whether for exploring expressive weaving or
prototyping e-textile or composite material applications. This framing offers a set
of constraints and goals that are quite different from industrial weaving: it almost
entirely de-emphasizes high speeds and autonomous operation, instead prioritiz‐
ing a low price point, portability, safe operation, and a novice-friendly interface.

For maximum flexibility, the loom is a Jacquard handloom. As I explained in
Section  8.2,  “Jacquard  handweaving”  blends  computational  patterning  with
manual control of other aspects of the weaving process; the two commercially-
available  models  are  Digital  Norway’s  TC2  Jacquard  Loom  [78] and  AVL’s
Jacq3G  [7], and they are popular for prototyping, learning, and artisanal weav‐
ing.  However,  these looms largely replicate the mechanical  logic  of  industrial
weaving. As a result, they are expensive and large—the TC2 has a baseline cost
of approximately $30,000 USD for their smallest model, which is 61 inches tall
with a 58 inch by 48 inch footprint and additionally requires an air compressor—
and thus impractical outside of dedicated spaces such as fashion schools and tex‐
tiles-specific laboratories. Additionally, even these relatively simpler looms are
still complex and difficult to maintain, and their mechanical complexity scales
with the width of the fabric (counted in number of threads).

In a home, laboratory, or workshop, however, factors like speed and tightly-tuned
repeatability are much less important than storage space, setup time, and cost.
Indeed, handweaving is not just a concession made to allow less expensive build;
it’s an approach that makes it possible to modify a project on the fly, incorporate
unusual materials, and even learn about weaving.

Malleable Contexts / 56



9.1. Contemporary Handlooms
Table 9.1 summarizes the landscape of contemporary computational handlooms.
“Floor” looms are large, standalone machines typically intended to produce full-
width fabric, whereas tabletop looms are small and deployable. The form factor
has implications for both price and intended use.

Two full Jacquard handlooms are currently commercially available: the Jacq3g
loom by AVL Looms [7] and the TC2 loom by Digital Weaving Norway [78]. Both
are “prosumer” floor looms intended for either production prototyping or serious
artisanal practice, and both use a parallel selection mechanism similar to indus‐
trial looms. The Jacq3g uses solenoids to displace hooks onto a lifting bar; the
baseline model has a 45 inch by 84 inch footprint (90 inches tall) and costs ap‐
proximately $28,000 USD. The TC2 uses electronic valves to direct air from a
compressor; the baseline model has a 58 inch by 48 inch footprint (61 inches tall)
and costs approximately $30,000 USD. The OSLoom project was Kickstarted in
2010 with the intention to build a floor loom using parallel muscle wire selection.
While a full OSLoom was never built, the approach has similar power, size, and
electrical complexity drawbacks for home or casual use.

AVL’s smaller “Little Weaver” approaches ours in intent, as it is a portable (table‐
top) computational loom which is designed to easily integrate with a home com‐
puter  setup,  such  as  by  allowing  Wi-Fi  connectivity  [5].  However,  the  Little
Weaver is  a  frame loom with eight,  sixteen,  or  twenty-four frames,  not  a  full
Jacquard loom. At the time this Personal Jacquard Loom work was published, in
2021 [16], AVL had stopped making Little Weavers; I said at the time that “when
they were last  sold,  Little  Weaver looms cost  $2,000-3,000,  depending on the
number of frames [6].” In 2024, a Little Weaver 2 costs $3,600-5,400 for eight to
twenty-four harnesses, respectively [8].

Loom Selection Type Size

AVL Jac3g [7] parallel Jacquard (solenoids) floor

TC2 [78] parallel Jacquard (solenoids) floor

OSLoom [32] parallel Jacquard (muscle wire) floor

Little Weaver [5] 18-24 frames tabletop

Liou [208] parallel Jacquard (motors) tabletop

Moyer [249] parallel Jacquard (solenoids) tabletop

Schaefer [336] serial Jacquard (cams) tabletop

Nicholls [266] serial Jacquard (Lego™) tabletop

Ruta [278] manual Jacquard pins tabletop

SPEERLoom [361] parallel Jacquard (linear stepper motors) tabletop

Table 9.1 Contemporary computational handlooms. Entries in bold are com‐
mercially available; other entries are personal, research, or incomplete/depre‐
cated projects.
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Many personal hobby projects have approached loom design and construction.
These have been greatly successful in the area of looms which are not computa‐
tionally  controlled,  such  as  DIY  pocket  tapestry  looms  [87] and  small  frame
looms [45, 413]. Hobby Jacquard looms have been periodically explored, but these
projects typically still  use parallel  selection strategies  [208,  249].  Of particular
note are two designs which use a serial actuation strategy similar to ours: a de‐
vice by Schaefer which uses set of circular cams actuated by a shaft moved along
the heddles [336], and the Weav3r loom constructed with Lego™ blocks[266].

The Ruta loom by Ooms et al [278] is an interesting byway in contemporary loom
design  which  centers  hands-on  sensemaking  for  novice  weavers.  It  is  fully
Jacquard in the sense that it can select any warp set, but it is entirely non-elec‐
tronic: the weaver programs each set by manually arranging pins in a frame. We
see the manual override capability of our loom as potentially offering similar op‐
portunities for hands-on engagement.

Lastly, the SPEERLoom, built by a team including friends in the Carnegie Mel‐
lon Textiles Lab, uses linear stepper motors for parallel selection. It was devel‐
oped specifically for classroom use and has an individually-tensioned warp sys‐
tem to be as easy as possible to warp, its stepper-motor drive is likely quieter than
our solenoid, and its warp thread density (ends per inch) is thrice that of the loom
in this chapter. Intriguingly, it also has the potential to do non-binary warp selec‐
tion, though this potential was not explored in currently-published work. Due to
its parallel selection design, the SPEERLoom’s cost and electronic complexity
would scale with the number of warp ends it supports; the 40-end version in the
paper, which is the same number as the loom in this chapter, costs roughly five
times as much. It is also worth noting that the SPEERLoom was developed after
the work in this chapter.

9.2. Technical Implementation
The main unique design feature of the Personal Jacquard Loom is the mecha‐
nism by which it forms its shed: the gap between upper and lower warp threads
through which the weft passes to create interlacing. Typical electronic Jacquard-
style looms form a shed in two stages:  selecting a number of warp threads, then
raising (or, depending on other factors of the loom’s geometry, lowering) the se‐
lected  threads.  Because  they  are  designed  for  industrial  production  weaving,
these looms prioritize very high production speeds; to achieve such speeds, in‐
dustrial looms must do the entire row’s selection at the same time, requiring an
electronic actuator (typically a solenoid)  for each individual  warp thread.  The
number of solenoids, as well as the power requirements and the complexity of
the control circuitry, must therefore grow with the number of warp threads.

In contrast, our loom differs from these by performing the electronic selection se‐
rially using a passive bistable shedding mechanism. With this design, a single so‐
lenoid mounted on a drive belt can perform selection on any number of warp
threads. This arrangement greatly lowers the initial parts cost, maintenance dif‐
ficulty and costs, the complexity of electronic wiring and power requirements,
and the overall size and weight of the loom. With access to a hobbyist FDM 3D
printer, the entire loom can be made for under US$200, and its “table loom” form
factor fits on a desk or countertop.
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Heddle Design9.2.1. 
The heart of any warp selection mechanism is the heddle. Each heddle guides the
position of a single warp thread; heddles can be selected and raised (or for some
looms lowered), taking their warps along with them to form the shed. Heddles
are commonly made of wire or string (or thin wood/plastic, in the case of more
limited “rigid heddle” looms which can only actuate a fixed pair of  shed pat‐
terns).

The serial selection design uses an array of string heddles which are fixed at the
top and hold their warp threads at the bottom, Figure 9.1.

Figure 9.1 The heddle mechanism. Slider A is in the reset position, with its heddle
raised. Slider B has been pushed forward, and its heddle has dropped.

reset push barreset push bar

heddle top barheddle top bar

heddleheddle

beadbead

sliderslider

AA
BB

During the selection process, all heddles are initially raised, lifting each corre‐
sponding warp thread and providing a small amount of tension on the heddle.
Each heddle has a “bead” which is 3D printed onto it, and each passes through a
keyhole-shaped hole in its own “selection slider.” At each slider’s home position,
its heddle’s bead is held captive in the narrow slot part of the keyhole. When a
slider is pushed forward, gravity and warp tension pull the bead down through
the hole, allowing the heddle and its warp thread to drop.

When selection is complete, the warp threads corresponding to each actuated
slider will  have dropped down, while all  remaining warps will  remain pulled
high, thus forming the desired shed.
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Frame and Tensioning System9.2.2. 
These heddle mechanism can easily be operated by hand, but the  heddle frame
incorporates a stepper motor and belt assembly which positions a solenoid se‐
quentially to strike each selected heddle, Figure 9.2.

The loom’s motor and belt assembly are common in 3D printer construction and
were chosen to ensure the availability of parts. The loom is designed to be flexi‐
ble about specific components;  e.g. any push solenoid with approximately one
centimeter of throw would be compatible, as would any NEMA 17 stepper motor.
We specifically used a NEMA 17 bipolar stepper motor with 1.8° step size rated at
0.59 Nm holding torque (2.0A per phase), with a GT2 (2mm pitch) timing belt
and a 12-tooth GT2 drive pulley. The belt drives a linear motion platform consist‐
ing of 24mm OD Delrin v-wheels with #625 (5 x 16 x 5mm) bearings. The plat‐
form rides on the same 20mm x 20mm v-slot aluminum extrusion that the hed‐
dle mechanism array is mounted to. The solenoid is an XRN-0530 pull-type sole‐
noid with 10mm throw (rated at 12v 0.3A).

The frame additionally includes a reset push rod which, acting with the reset push
bars, can reset the entire array of heddle sliders. The heddle frame is either held
in the upper position by a pair of frame latches, or rests in the lower position on
frame rest brackets.

The rest of the loom handles warp and cloth storage and tension, and it closely
mirrors established home loom designs. (It may be possible to retrofit an existing
loom to reduce build complexity.) Four wooden dowels comprise the  rollers and
beams. Warp threads are wound onto a warp roller at the back of the loom, pass
over the warp beam, through the heddles, over the cloth beam and are tied onto the
cloth roller. As it is woven, fabric can be progressively wound onto the cloth roller
as warps are unwound from the warp roller.  Ratchets on the warp and cloth
rollers maintain tension on the warp. Between the heddles and the cloth beam,
warp threads pass through a reed, which the weaver uses to compress each weft
against the fabric as it is woven.

Figure 9.2 The main components of the loom.
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Control Electronics9.2.3. 
The control electronics for the loom are provided by the RepRap Arduino Mega
Pololu Shield (RAMPS) platform [160], a popular and inexpensive choice for hob‐
by projects involving dimensional motor control,  such as 3D printers and pen
plotters. The RAMPS platform incorporates a programmable micro-controller,
power management,  stepper controllers,  and MOSFET switched high current
drives.  This board controls a single bipolar stepper motor of  the type used in
most  inexpensive  3D printers,  along with  a  small  solenoid  (a  small  “flyback”
diode across this inductive load is also added to protect the MOSFET drive tran‐
sistor from transients). Finally, an endstop switch is connected to the controller
board to allow the loom to place the heddle selection head at a known “home” po‐
sition. All other positions are determined in low-level firmware by counting steps
of  the  stepper  motor  with  respect  to  this  position.  Off-the-shelf  open  source
firmware (a specially configured, but unmodified copy of the Repetier v0.92 3D
printer control firmware [141, 142]) is loaded into the RAMPS board and accepts
G-Code commands over a serial connection to drive the motor and solenoid. We
use this system to reliably direct the selection head to exact heddle locations, and
selectively power the solenoid to push forward selected sliders.

Input: Computer Vision9.2.4. 
An advantage of the slider-based heddle design is that it can be easily overrid‐
den: the weaver can manually drop or lift heddles to tinker with the pattern di‐
rectly on the loom. As a computational system, this tinkering is especially valu‐
able as input: the weaver’s choices can be recorded, transmitted, or act as a basis
for future patterning.  To avoid adding electrical  complexity to the loom hard‐
ware, we used a webcam and computer vision techniques to sense the heddle po‐
sitions. We mounted a Logitech C922 webcam to the main loom frame such that
the camera lens was 50 cm above the warp, Figure 9.3(a). This position gives the
camera a field of view which extends to the front of the loom. (An additional ben‐
efit of this input approach is that the weaving area can be used for other visual
input as well. I demonstrate this capability in the “On-Loom Input” example de‐
scribed in Subsection 9.3.1.)

Figure 9.3 a) The camera mount. b) The view from the camera. Green lines show the
computer vision’s region of interest for each heddle slider.

50 cm

(a) (b)
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I use OpenCV to determine the heddles’ positions. Within the camera’s view, the
region of interest is the area just in front of the heddles’ home positions, Figure
9.3(b), which will show the color of the bed if the slider is in its home position, or
the color of the slider if it is moved forward. To calibrate the system, the weaver
clicks on the four corners of this area in a live camera view. (This calibration is
persistent across weaving sessions as long as the camera isn’t moved.) The sys‐
tem divides the area into a number of perspective-corrected cells corresponding
to the number of heddles,  then calculates an average pixel value in each cell.
These averages are then thresholded with Otsu’s method. A cell that is mostly
white indicates that the slider is forward, and therefore its heddle is dropped.

The heddle sliders were printed in white and the slider bed was colored black for
maximum visual contrast, and I additionally enabled the built-in lighting of the
webcam to reduce shadows. These measures, along with the adaptive threshold‐
ing, ensure that the system is robust in typical room-lighting conditions.

Control Software and Operation9.2.5. 
The main control software consists of several modules: communication over a
USB serial port with the RAMPS control board, webcam capture and computer
vision, and networking to connect to server-based design tools (such as the “Re‐
mote Collaboration” example). For interoperability, weaving patterns are consis‐
tently passed as lists of pattern rows, with “1” indicating a raised warp and “0” in‐
dicating a dropped one.

For each row of weaving, a Processing sketch fetches the next row of the weaving
pattern from either local or networked design tools. (I describe specific example
tools in  Section 9.3.) This pattern row is converted to G-code commands which
sequentially  position  the  selector  solenoid  at  each  heddle  which  should  be
dropped, then strike with the solenoid to hit the slider and drop the heddle. The
weaver may then modify the shed as desired, and the computer vision system
can record these alterations and communicate them to the design tool. Then, the
weaver passes the weft of their choice through the open shed, and uses the reed
to “beat” the fabric, pushing the latest weft into the fabric being formed.

To reset all the heddles, the weaver lowers the heddle frame. After the sliders
have passed below any dropped heddle beads, the reset push-rods engage the re‐
set bar to push all  sliders back into their home positions,  trapping each bead
above its slider. At this stage, the weaver also periodically takes up the completed
fabric onto a roller at the front of the loom and releases an equivalent length of
warp threads from a similar roller at the back of the loom. Finally, the weaver
raises the heddle frame again to prepare for another row of weaving.
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Figure 9.4 Weaving can incorporate many materials: pipe cleaners, balloons, and
strips of fabric are shown here as improvisational responses to generated weaving
patterns seeded by daily weather conditions (described in Subsection 9.3.3).

9.3. Personal Weaving Systems
The low cost and small footprint of the loom makes it suitable for personal weav‐
ing practice. I describe three systems which make use of specific capabilities of
tabletop Jacquard handweaving. The software interactions align with the princi‐
ples guiding the loom itself: flexibility and extensibility. This approach aims to
serve a range of end users including artisans and researchers, whether for ex‐
ploring expressive weaving or prototyping e-textile or composite material appli‐
cations.

On-Loom Input9.3.1. 
An advantage of handweaving is the ability to incorporate disparate materials;
Jacquard handweaving in particular can use “double cloth” patterns to form two
layers of fabric which can act as a pocket.

Double cloth is a pattern type in which an
area of  the fabric has two separate faces,
Figure 9.7.  In this  area,  half  of  the warp
threads are allocated to one face, and the
other  half  are  allocated  to  the  other;  the
weft only interlaces with one face per pass.
Double cloth patterns are a popular way to
produce areas of solid color  [246],  as well
as, in the hands of a skilled weaver, a way
of producing complex intersecting topolo‐
gies [272]. However, designing a double cloth pattern can be difficult even for in‐
termediate-level weavers, especially if each fabric face itself has complicated pat‐
terning. Additionally,  when woven on a frame loom, double cloth patterns re‐
quire twice as many frames at the same complexity of face patterning; the frame
quantity requirement rises if the doubled area is not rectangular. Thus double
cloth is an ideal demonstration of the flexibility of computational Jacquard capa‐
bilities.

Figure 9.5 Double cloth weaving.
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We show a system in which an object to be incorporated (e.g. a PCB for an e-tex‐
tiles project) is laid directly on the not-yet-woven part of the warp,  Figure 9.6.
The image is captured by the same camera that handles the heddle input, and it
is rectified to represent the real-world size and shape of the object. The weaver
can then apply weaving patterns to all three areas of the fabric: the single-layer
area, and the front and back faces of the pocket, Figure 9.7(a). These patterns are
then computationally composited for weavability to create the weaving pattern,
Figure  9.7(b).  In  addition  to  the  elaborate  structural  patterning  enabled  by
Jacquard weaving, this system takes advantage of the loom’s integrated calibrat‐
ed camera system for capturing real-world input to the design process. In this
case,  this  input  allows the weaver to  incorporate physical  objects  without  the
need for measuring, a hallmark strength of on-machine interaction systems.

Figure 9.6 The weaver places an item on the loom. The system captures and rectifies
the outline of the item. The weaver allocates diferent weaving patterns to the two
faces.

Figure 9.7 a) A screenshot showing the camera’s view of the weaving as well as the
pattern allocator. The weaver has assigned a twill pattern to the upper layer and a
plain weave to the lower. b) A diagram of double cloth weaving showing the “pocket”
formed in one area of the cloth. When actually woven, each weft line would be com‐
pressed against the previous ones, resulting in the outcome shown in Figure 9.5.

(a) (b)
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Collaborative Editing9.3.2. 
Computational  mediation allows a  creative  process  to  have remotely-accessed
components. We show a system in which the current weaving plan can be ac‐
cessed in real time via a web server. The weaver and any number of remote col‐
laborators can edit the plan using a web-based editing tool, Figure 9.8; edits are
shared in real time, as in other online collaborative editing tools such as Google
Docs.

The editing interface includes “brushes” of different weaving patterns at differ‐
ent sizes; any collaborator can “paint” with these and a viable weaving pattern
will result. The weaver can choose which brushes to make available to collabora‐
tors; for example, they could focus on just a series of tonally gradated satin pat‐
terns. During the weaving process, the weaver can manipulate the heddles di‐
rectly to alter the pattern. The weaver can choose to capture these changes using
the heddle-tracking system and send them to the server to share with their col‐
laborators.

This system highlights how computational mediation can enable remote collabo‐
ration, as well as how simplified pattern design tools like “brush” systems can
make expert tasks accessible.

Figure 9.8 The editor is a browser-based application which allows multiple users to
simultaneously edit. A: “brush size” allows users to edit larger or smaller areas of the
fabric. B: “brushes” are loaded from a pattern repository. C: the editable weaving
area. A collaborator’s edit is shown highlighted in yellow. D: Below the yellow line, the
rows have been physically woven and can no longer be edited. Highlighted interlace‐
ments show where the weaver manually overrode the pattern.
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At-home Weaving9.3.3. 
While our loom has many applications for use in a lab or makerspace, we consid‐
er its size and cost particularly appealing for home and daily use.

As an example of the potential of integrating computational weaving into a per‐
sonal weaving practice, we show a system which encodes a daily weather report
into the weaving pattern. The day’s temperature relative to the previous day’s is
shown as  the  shading of  the  pattern—more warp-dominant  patterns  indicate
cooler,  whereas  more  weft-dominant  patterns  indicate  warmer—and  specific
weather features are indicated with different styles of pattern, such as slanting
twills for rain, dappled satins for clouds, and wavy broken twills for wind, Figure
9.10.

Figure 9.9 The weaver overrides an area of weaving by manually changing some
heddle positions.

Figure 9.10 Sample weaving patterns.
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Of course, the weaver retains control over weft yarn color choices, as well as how
many rows to weave, so the resulting fabric incorporates both formal weather
data as well as the weaver’s own expectations and desire to spend time weaving
on that day,  Figure 9.4. This system demonstrates a way that the flexibility of
computational Jacquard weaving can extend beyond weaver-directed changes, to
incorporate sources which may surprise even the weaver, or spur their creative
practice.

9.4. Limitations and Future Work
As a Jacquard loom, the serial selection design supports  any sequence of warp
and weft interlacements. However, some fabrics require other loom features. For
example, the fixed heddle spacing presents a slight limitation in being decreas‐
ingly  appropriate  for  higher  numbers  of  woven layers  (triple  cloth,  quadruple
cloth, etc); however, these are typically woven on looms with other purpose-built
features such as extra warp beams.

Additionally, the 10mm warp thread spacing (center to center) is large compared
to most other looms. This is because of the overall priorities of low-precision con‐
struction and easy manipulability for hands-on hybrid weaving. Combined with
the loom’s small overall size, chosen for convenience and portability, this spacing
results in only 40 warp threads. (Of course, the serial design means that adding
more warps would only require more width, not any further electronic complexi‐
ty.) However, many hand looms have a much smaller spacing, such as 2.5 mm for
a “rug loom” (typically a four- or eight-set loom as described in Section 8.1). Fu‐
ture iterations might decrease the warp spacing in several ways: miniaturization
with more-precise printing or other manufacturing approaches; additional hed‐
dle arrays above or behind, with constant mechanical complexity per frame; to
an extent, tilting the heddle frames as in AVL’s “dial a sett” system [7]. Each has
tradeoffs but is potentially viable, and they might also be combined.

9.5. Summary
In this chapter, I have described an inexpensive personal weaving system which
uses serial selection of a passive bistable heddle mechanism to avoid the elec‐
tronic complexity of industrial Jacquard looms which actuate all heddles in par‐
allel. This allows for a dramatic reduction in both acquisition and maintenance
costs, as well as a much smaller “tabletop” form factor convenient for personal
use. This portable, inexpensive loom makes Jacquard weaving accessible outside
of industry and specialized textiles scholarship, with implications for e-textiles
prototyping, fiber arts education, and personal craft.

The loom is explicitly designed to support and extend the activities of handweav‐
ing, which is a soft context quite different from the industrial production of cloth.
As a soft technology, the personal Jacquard loom flexibly supports non-standard
materials  and  manipulations  of  the  warp  or  weft,  as  well  as  improvisational
changes to patterns and on-the-fly decisions. The ability to work with program‐
matically-designed double cloth structures, to record and potentially embellish
improvisations, and to incorporate information from remote collaborators or data
feeds demonstrate the  malleability of computation as well as the  emergent ex‐
pressivity of handweaving.
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10. Underdetermined Computational Handweaving
In the previous chapter, I documented a new loom design that enables personal
Jacquard weaving, and I highlighted computational handweaving as an opportu‐
nity  for  interactive  creative  intervention.  I  suggested  several  applications  for
computational patterning, while noting that patterning can be highly complex
even for experienced weavers. In this chapter, I investigate computational pat‐
terning itself as a complex context, drawing on both computational and fiber arts
practices. Specifically, I discuss how exploratory creative fabrication in a com‐
plex domain might  be  structured through the lens  of  underdetermination:  the
quality of a system which is set up to guide, but not fully determine, final out‐
comes.

In non-computational systems, highly automated production processes might be
thought of as “certain”—any deviation from a set outcome could only arise from a
flaw in  the  system—and opposed to  more  “risky”  freeform manual  processes
([310],  as discussed in  Section 7.2).  Computational systems, however,  can both
highly embody precision and automation as well as highly allow for variability.
Underdetermination can arise from the system itself: computational approaches
can automate risk, magnify or elaborate upon it, or even inject it where it may
not have previously existed  [76,  81,  435]. Interactive systems expose the user to
fluctuations in risk and resolution along the whole trajectory of making, mediat‐
ing sources of risk and certainty according to generative logics.

A computer-controlled  handloom is  a  hybrid  fabrication tool:  while  the  loom
greatly speeds the process of weaving by precisely selecting threads for a pattern,
a  human  weaver  must  manually  throw  the  shuttle  and  beat  the  warp.  The
weaver is therefore present and involved for the entire production time, which
may be a series of hours, depending on the size of the fabric; however, at present,
weavers using computer-controlled systems determine the weaving pattern in
advance, as the existing production systems do not support real-time interaction
or design modifications to the pattern. This chapter describes technical interven‐
tion and a set of design propositions that reintroduce underdetermination into
the computational system, channeling factors such as the weaver’s intent and
posture or external sources of disruption into the handweaving process.



Specifically,  I  describe a related but divergent family of three “sketches”:  Slit-
Scan Self Portrait,  Blobs, and Twitch Plays Loom.  Slit-Scan takes inspiration from
durational, slit-scan photography. It translates a series of photographic captures
during weaving time into the weave pattern itself.  Blobs takes inspiration from
other direct manipulation systems in fabrication by allowing a weaver to design
at the time of weaving by using paper cutouts. As the weaver places cutouts on
the loom, a camera reads their position and translates them into the weaving pat‐
tern.  Twitch  Plays  Loom invites  a  group  of  remote  spectator-users  to  specify
thread-level design decisions during weaving time; these are enacted by the loom
and weaver, and shared back to the remote users in real-time.

10.1. Design Process and Principles
My process consisted of designing and using three variations of real-time compu‐
tational weaving systems in an effort to understand, from a first-person perspec‐
tive, how the dual contexts of computation and weaving influenced real-time ex‐
periential processes in handweaving, and thus suggest how computational fabri‐
cation systems can best support personal creative practice. Inspired by the prin‐
ciples of procedural generation, I explored variable configurations of the balance
between risk/certainty or underdetermination/constraint.

Figure 10.1 A woven swatch, showing interlacement between warp (shown in four
colors) and weft (white). In this fabric, four subsets of warp threads have been allocat‐
ed, corresponding to four frames; in each row of the weaving, two frames were raised.

shuttle
(containing weft)

warp

reed

The Design Space of Weaving10.1.1. 
The process of weaving has two distinct phases.  First,  the weaver sets up the
loom by measuring out the warp, tensioning it, and choosing which subset each
warp thread belongs to. In a typical handloom, these warp threads are allocated
to  heddle frames,  each of which can lift the threads belonging to it,  Figure 10.1
(and previously described in Figure 8.2).  Then, at weaving time, the weaver cy‐
cles through these actions: raising the warp subsets indicated in the pattern by
pressing foot pedals (treadling)  to raise the corresponding frames;  throwing the
shuttle containing weft thread through the space between the raised and lower
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threads (the shed); using the reed to beat the new row of thread against the exist‐
ing fabric; possibly taking up the newly-formed fabric onto a collection beam; re‐
peating the cycle.

Creating a fabric on such a system can be thought of as a procedural design task:
weave-time changes in the treadling pattern can change the woven pattern only
within the parameters of the warp threading. Traditional handweaving has a low
number  of  heddle  frames:  often  four  or  eight,  and  somewhat  limited  by  the
weaver’s ability to select multiple simultaneous foot pedals. It’s worth noting that
non-obvious outcomes are possible even with fairly basic loom setups: a pixel of
draft notation (Section 8.3) is not the same as an actual thread interlacement, and
the interactions between warp and weft can be unintuitive, as in the double cloth
shown in Figure 9.5. At higher numbers of shafts, it is increasingly difficult for
even accomplished weavers to predict the outcome of a particular treadling se‐
quence.  This  is  particularly  exemplified  the  algorithmic  patterning  approach
called “network drafting” that blossomed in response to the availability of 18-24
shaft  computational  “dobby”  looms  to  home  handweavers  beginning  in  the
1980’s. The algorithm enforces structural viability of the woven output, but net‐
work-drafted  designs  are  considered  unpredictable  and  surprising.  It  is,  of
course, possible to pre-render the output of a network-drafted design, but in prac‐
tice this style is designed by stylistic tendencies (with colorful names: “turtles,”
“snails,” and “fleas”) and treadling meta-rhythms [337].

When using a “fully Jacquard” loom such as the TC2 I used for this work (shown
in the image at the beginning of this chapter), the patterning constraints, at least
in  terms of  what  can physically  be  done,  are  entirely  removed.  The weaver’s
work is  simplified in two ways:  because each warp thread is  individually ad‐
dressable, the weaver does not need to plan their work in advance and designate
pre-determined subsets of warps; because the computerized system actuates the
threads, the weaver presses just one foot pedal to advance to the next row. The
pattern is not limited by the constraints of machine configuration or the weaver’s
ability to remember and execute a pattern.

Jacquard weaving therefore has a deceptively simple set of constraints:

• As an upper bound, the number of possible weaves can be enumerated by
a binary choice of either “up” or “down” for each warp thread in a given
row.

• However, to be a viable woven structure, there must be interlacement be‐
tween warps and wefts. In the extreme case where all of the warp threads
are selected to the same position, the weft does not interlace at all; more
practically,  for  structural  soundness,  it  is  common to  limit  the  distance
without interlacement (the float length) of both the warp and the weft. (For
example, the maximum float length of the fabric shown in  Figure 10.1 is
two.) The interlacement constraint makes it clear that each yarn crossing
cannot be determined entirely in isolation.

• While the warp material is chosen when setting up the loom, the weft ma‐
terial can be chosen per row. Different weft yarns can result in very differ‐
ent appearances and material properties even with the same interlacement
structure.

Malleable Contexts / 70



By decoupling mechanical and logistic constraints from weaving, it’s simple to
construct patterns that are highly chaotic, to the point of producing structures
which  are  unviable,  nonsensical,  or  simply  uninteresting:  a  computational
Jacquard system can just as easily emulate a basic plain weave as it can pattern
the fabric based on cosmic background radiation or a bowl of Compton’s oatmeal
[314]. One way to state the task of system design for Jacquard weaving, then, is
that goal is to re-introduce procedural constraints into the patterning process, re‐
covering the underdetermined generative logics of handweaving but with the ad‐
ditional malleability of computation.

Methods10.1.2. 
The methods I followed in this inquiry are were based on the precedents of Re‐
search Through Design [434], autobiographical design [69, 265], and reflective de‐
sign  [346]: each sketch served as a probe into my creative process; through the
creation and use of these systems, I aimed to understand the hybrid soft context
of computational handweaving, toward guiding other designers in designing in‐
teractive fabrication tools for handweaving and beyond. I engaged in reflective
documentation in  the  form of  pre-  and post-experience journaling as  well  as
semi-structured discussion with my co-authors of this work.

I chose to use an autobiographical approach to acknowledge that individual cre‐
ative practice is inherently unique, especially in the case of work that actively en‐
courages emergent outcomes and material experimentation. As such, I designed,
used, and report on my systems as both designer and user of the systems de‐
scribed: When designing, I targeted myself as the user; when using, my experi‐
ences were necessarily inflected by my intimate knowledge of the systems’ un‐
derlying structures. In a sense, using and documenting such systems is a collabo‐
ration between past and present selves.

Of course, this is a shift from how creativity support tools are typically studied in
HCI. However, this time-based self-collaboration is rooted in the context of weav‐
ing as a procedural art, with patterning emerging from the interplay of decisions
made at the time the loom is warped and those made at the time of weaving. Ad‐
ditionally,  within the constraints of my access to the loom, choosing one user
(and specifically, one whose schedule I had complete control over) was an oppor‐
tunity to spend the time necessary to reflect on the nuances between systems, in‐
stead of shorter and necessarily more superficial exposures of multiple users to a
single system. Following Höök [139], I prioritized understanding my own experi‐
ences—of the full-body performance of mechanically complex weaving [88]—as
a necessary prerequisite to extending or considering how I might design for oth‐
ers with different preferences.

The complexity of these overlapping personas is reflected in the way I talk about
my roles. When the work in this chapter was originally published ([14]), I used
the “academic” third-person and first-person plural voices throughout. In keep‐
ing with the rest of this thesis document, I have largely switched to first-person
singular where accurate. However, in discussing the outcomes of the two sys‐
tems that I position as “performances” (Slit-Scan and  Twitch Plays Loom) refer‐
ring to “the weaver” in the third-person voice felt more appropriate, so I retained
it.
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10.2. Systems, Artifacts, and Findings
I designed, developed, and used the three systems in order to speculate on a per‐
sonal computational handweaving practice, generate insights on underdetermi‐
nation in the context of fabrication, and, on a practical level, produce technical
infrastructure  for  future  experiments  in  real-time  control  over  Jacquard
handweaving.

Figure 10.2 Technical diagram of the TC2/Processing system.
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Technical Implementation10.3. 
I developed the work in this chapter as a visitor to the Unstable Design Lab of the
ATLAS Institute  at  University  of  Colorado Boulder.  I  reverse-engineered the
control protocol for my gracious hosts’ Digital Weaving Norway TC2, a popular
computerized Jacquard handloom.  The TC2’s  assumed workflow involves  up‐
loading a bitmap image representing the warp thread positions for each row of a
complete fabric. The loom requests the next row of this static data from the con‐
trol software each time the weaver presses a foot pedal. Data is sent from the
TC2’s control software to the loom itself using TCP over WiFi. I used Wireshark
[412] to sniff this data; by comparing the transmitted data to a known sequence of
selected threads, I was able to isolate the commands to establish a connection to
the loom, control its air compressor, receive requests for row data, and send row
data in response. I additionally developed an Arduino-powered replacement for
the foot pedal, allowing us to issue “next row” requests programmatically.

I encapsulated my row-by-row protocol as a library for Processing, enabling it to
be used with a variety of other input and output modalities. These modalities in‐
cluded live video processing with OpenCV, text-to-speech, live many-to-many in‐
ternet-enabled communication, and custom additional hardware buttons, Figure
10.2.

I quickly iterated many interaction “sketches” based on these capabilities, and
then chose three main sketches to develop more fully. My selected sketches were
unified by their use of a video feed modality (albeit in different roles: as a literal
image, as a composition input, and as an entertainment medium) but otherwise
mutually differing in tone, extent of pre-determination, additional role for the
weaver, and similarity to existing works; e.g. “Blobs” was inspired by existing on-
machine fabrication [251], whereas “Twitch Plays Loom” explores territory that
is less familiar within fabrication.
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While all handweaving is in one sense a performance—the enacting of a repeti‐
tive task to call something into being—the selected sketches additionally provide
distinct additional roles for the weaver to engage in while enacting the weaving.
All three sketches were then refined to be suitable for a single weaver and 2-3
hours of weaving time, which is a maximum session length for the loom hard‐
ware as well as for my own comfort.

“Blobs”: Designing With Paper Cutouts10.4. 
This sketch was an on-machine design interface inspired by tangible remixing
interfaces [91] and on-device specification [251,  256, 297]. The designer could ar‐
range scraps of brightly-colored paper directly on the unwoven warp of the loom
(shown in the image at the beginning of this chapter), and take a “snapshot” to
generate a weaving pattern at 1:1 scale with the cutouts rendered in a palette of
weft-dominant (light-colored) and warp-dominant (dark-colored) diamond twill
weaves. In addition to enacting the weaving, the weaver could therefore tinker
and disrupt, allowing composition, remixing, and non-linear sampling to inter‐
vene into the rhythm of the weaving, Figure 10.3.

To implement this sketch, I first processed the camera feed with OpenCV: I used
color detection to isolate the blobs, then image rectification to map the camera in‐
put  onto  the  real  size  and  shape  of  the  woven  fabric.  I  then  used  a  custom
OpenGL shader to assign weave structures to areas of this cleaned and rectified
image,  essentially  implementing  a  real-time  image  processing  version  of  the
technique described in  The  Woven  Pixel [338].  This sketch was therefore con‐
strained to produce viable weave structures. I chose a family of “birdseye twill”
weaving structures for their unique appearance and wide range of tonal values,
Figure 10.4.

Figure 10.3 A sequence of snapshots generated with the second version of the “Blobs”
interface. The orange line indicates the row of weaving at the time of the snapshot.
Top: a new snapshot in high-contrast tones. Middle: a second arrangement of blobs is
overlaid onto the first at 50% opacity, resulting in mid-tones. Bottom: the composition
is color-inverted.
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I ran two versions of this interface. In the first, the only input to the system is the
placement of the paper cut-outs and the choice of when to take a new snapshot.
At the extreme end, the designer might choose to sample every row, leading to
slit-scan-like effects. I wove this first version for forty-five minutes and discov‐
ered that, in practice, there was little motivation to take another snapshot before
the first was completely woven. The pattern produced was therefore a faithful re‐
production of the cutouts, but it left very little space for designerly interaction in
mid-weave. Additionally, I found that I was concentrating on the on-screen pre‐
view of the weave pattern, instead of on the fabric itself.

In the second version, three capabilities were added: 1) the designer could com‐
posite a new cutout snapshot with the previous one. The new one would be addi‐
tively blended at 50% opacity with the existing snapshot, allowing mid-tones to be
introduced. 2) The designer could choose to invert the dark and light tones. 3)
The designer could skip to a different line of the composition to re-mix the line
order. Each of these decisions could be made at any point during weaving time.

These additional capabilities gave me more opportunities for manipulation dur‐
ing the weaving process. Additionally, “jumping around” in the pattern broke the
direct correspondence between the on-screen representation and the resulting
weave, allowing me to focus more directly on the woven output. The capabilities
also provided intervention possibilities on several time scales: the “invert” capa‐
bility produced a relatively immediate effect, whereas the “composite” capability
caused changes that took a greater number of rows to reveal.

I wove the second version for two and a half hours and produced a composition
with seven snapshots introduced within the process, Figure 10.4. While this was
the same amount of time spent weaving the Slit-Scan sketch (described in the
next section), I perceived the Blobs interface as faster and less exhausting.

Figure 10.4 The composition generated with the second version of the “Blobs” inter‐
face. The detail shows how a family of related “birdseye twill” patterns provides tonal
variation.
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Slit-Scan Self-Portrait10.5. 
A second sketch,  Figure 10.5, was influenced by two conceptual threads: glitch
aesthetics in textiles [231] and objects which visualize their own creation process
[209]. “Slit-scanning” is a photographic technique in which a scene is sampled
through a narrow, moving window over time  [200]. The Slit-Scan Self-Portrait
sketch positions its  user  as  both weaver and subject,  requiring the two inter‐
leaved tasks of weaving and of posing for the camera. The weaver strove to main‐
tain a similar pose for the camera samples, Figure 10.6, and later noted that this
task felt sportlike, like a gymnastics task judged on both emotional display and
technical precision. Prior to the actual weaving session, the weaver altered their
appearance with high-contrast makeup with the hopes of enhancing the quality
of the output image.

I implemented the sketch as a window corresponding to the progress of woven
production, with the image data converted to a tonally dithered “shaded satin”
structure via the same OpenGL shader technique as in the “Blobs” sketch,  Fig‐
ure 10.7. The webcam was pointed at the weaver and I planned to sample the we‐
bcam image from the bottom of the frame to the top, corresponding to the direc‐
tion of weaving from the weaver’s point of view.

Because the image is of the weaver, it is guaranteed to be disrupted as the weaver
must move around in the very process of weaving. Slit-scan data can become in‐
coherent depending on the design constraints: the sampling rate and the height
of the sample. A very narrow sample (such as just one pixel row tall) sampling a
chaotic source very slowly may cease entirely to look like its input. Because the
warp is very wide, I planned to composite together four different sampling rates
side-by-side. The most frequent sampling rate was every eight rows and the least
frequent was every thirty-two. The “not-yet-decided” portion of each panel was
shown as live (satin-dithered) video in each panel.

Figure 10.5 A screenshot of the view the weaver could see during the weaving
process, with a small live video feed showing the portrait crop area and a preview of
the woven structure in progress. The aspect ratio of the image is distorted to account
for the non-square “pixels” of woven interlacement, which vary according to relative
warp/weft thickness and other factors.
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However, during the weaving session it was discovered that an error in the code
meant that the actual woven lines were sampled from the top of the image to the
bottom, thereby resulting in an image that was functionally sampled every row
for the top half of the image. I report on this because it resulted in several arcs of
expectation and surprise during the weaving process: first, when the bug was
undiagnosed, it seemed that the woven results had no relation to the image input,
that  predicting the outcome would be impossible,  and that  the weaver would
simply have to surrender expectations; second, when the bug was discovered, a
moment of relief—the results were indeed coherent, just inverted—was followed
quickly by disappointment,  because it  meant that the pattern was fully deter‐
mined at that point and there was no reason to continue to pose for the camera.
However, the net result was, in fact, delight: this error was in a sense a genuine
glitch within an engineered glitch-like system: an accidental swap of axis direc‐
tion in a system which deliberately transcoded time as the y-axis. The trajectory
of this experience shifted as uncertainties and stakes came more or less in focus.
The full weaving experience lasted two and a half hours.

Figure 10.6 Representative examples of face images captured during sampling.

Figure 10.7 The final woven fabric.
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“Twitch Plays Loom”: Anonymous Networked Editing10.6. 
The third sketch, formally named “Twitch Plays Loom (An Actual Loom, not the
1990 Graphical Adventure Game)” was influenced by “playful fabrication”  [13, 
368] and spectator-based interactions [345]. This sketch opens the editing of the
weaving draft to internet spectators, who may additionally observe the weaving
process streamed as video on the popular live-streaming site Twitch, Figure 10.8.



The interface was implemented as a client-side JavaScript browser application
communicating over websockets to a Node server. A local Processing sketch re‐
quested interlacement data from the server, formatted the repeated layout across
the width of the warp, and passed the data on to the loom. Spectators could view
the weaving in real-time through two cameras; one provided an overhead view of
the full warp, and the other provided a close-up. In the browser application, Fig‐
ure 10.9, the spectators could directly edit a limited area of one hundred warps
wide and one hundred wefts tall.

Figure 10.8 A screen-capture of the Twitch stream, showing composited overhead
and close-up video sources, a feed of the live draft, and viewer chat.

Figure 10.9 The draft-editing interface presented to the remote users
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This  limited  width  was  repeated
across  the  full  weaving  width  of  the
loom, Figure 10.10. After one hundred
wefts were woven, a new plain weave
draft was generated for the spectators
to  edit.  This  process  was  repeated
three  times  for  about  two  hours  of
weaving.  In  the  the  fourth  draft,  the
spectators began seeking ways to cir‐
cumvent the repetition of their task by
directly  scripting  their  interlacement
swaps  in  their  browsers’  JavaScript
console.  (One managed to re-boot the
server,  so the final number of  woven
rows was  not  an integral  multiple  of
one  hundred.)  Thus  some  obviously
computational  aesthetics,  including
random noise and a Sierpinksi trian‐
gle, emerged in the last part of the ses‐
sion.

The  asymmetries  of  streaming  were
evident: while the Twitch chat stream
was lively and the spectators found the
experience “fun” and even “calming,”
as the weaver I found the experience
awkward  and  alienating.  Online
streaming is  subject  to  the  pacing  of
network  lag,  which  can  be  roughly
twenty seconds  [106],  and the weaver
could only catch snippets of  the chat
while  close  enough  to  the  computer
screen. As a result, there was a clear
performer/audience  divide  that  made
this sketch feel even more “like a per‐
formance” than “Slit-Scan” did.

The  spectators  were  not  specifically
weavers, and indeed several commented with surprise on aspects of the weaving
process: noting how hands-on the process was, finding difficulty in the task of
creating viable weave structures, and marveling that their seemingly inconse‐
quential clicks were being physically manifested. They were reluctant to over‐
write others’ contributions, suggesting a strong awareness of their fellows’ pres‐
ence and recognizing their labor.

Figure 10.10 The resulting fabric. Two
of the eleven repetitions across the width
of the fabric are shown.

10.7. Discussion: Procedural Generation Under Risk
When focusing on the design of underdetermined systems, there are almost infi‐
nite amounts of variation possible. In my studies, I show that a myriad of out‐
comes can exist according to subtle variations within a single tool, or even within
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the act of simply surrendering to a tool that might appear to be not working. I be‐
lieve that these parameters are ultimately ones that will be shaped less by the
available tools and more by the desire an individual has for their own practice.

The procedural generation lens clarifies a possible role of output in a generative
system: as one way to understand and appreciate the underlying system, but nei‐
ther as its entire goal nor as a by-product. This view contrasts with fabrication re‐
search,  which has  long prioritized  either a  singular  output  or,  in  more-recent
work under alternative value systems, an experience of making [253,  382,  409].
Instead, material and compositional concerns (risk and viability, material scales)
can be aligned with procedural generation ideas of  form, and experiential con‐
cerns (agency and role, suspense and temporal scales) with those of locus, “a bal‐
ance between the Structure of the generator’s processes, the Locus Gestalt of the
generator’s output, and the Surface of the immediate experience of individual
generated artifacts” [169]. These concerns can then be balanced in mutually sup‐
portive ways within the generative logic of a system.

For example, slower temporalities of making become not just a reaction to pro‐
duction-oriented values, but a system quality chosen to complement particular
material scales: by literalizing the weaving speed through sampled video capture,
the  material  output  celebrates  the  experience’s  specific  temporality.  Internet
spectators can act as a source of disruptive data, but that data is necessarily fil‐
tered through a cultural milieu which encourages particular kinds of social ac‐
tions. When applied to other computational fabrication domains, the nature of
these interventions will inevitably vary to suit different material forms and ma‐
chine loci.  For example,  the role of  heat in thermoplastic 3D printing is  both
highly technical and potentially a source of emotional resonance.

I offer the following themes to help organize approaches to underdetermined sys‐
tems in digital fabrication. I discuss each theme within the context of computa‐
tional handweaving, illustrate the factors with examples from my sketches, and
offer broader implications for both fabrication research and procedural genera‐
tion work.

Immediacy and Gestalt: Frequencies in Time and Space10.7.1. 
Gestalt  aesthetics are particularly suited to procedural generation—consider a
Twitter bot whose animating principles are understood best when its output is
viewed in aggregate. Repetition with variation can clarify essential vs inessential
qualities: which elements are integral to the underlying logic, and which are em‐
bellishments, echoes, or stochastic variation.

In weaving, the output could be considered to be an entire fabric, or a section of
weaving following a particular decision by the weaver, or one weft pick, or even
just a single interlacement. Traditional frame weaving requires a generative logic
to be determined at loom set-up time, which then applies to all the fabric woven
with the entire warp.

Because the fabric is built up row by row, the pacing at which uncertainties are
introduced and resolved is both a spatial one (in the y-axis of the fabric) and a
temporal one (over weaving time). The larger the system output, the more data it
can contain but the longer it will take the weaver to encounter it. Additionally,
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limited resources (e.g. yarn) may impose a limit on total output size. Because an
“output” can also be seen as a horizon of results on which the system will make
no more decisions, very large output sample sizes might become difficult to dis‐
tinguish from predetermined patterns. I observed in the differences between the
two versions of the Blobs interface that the “interactive feel” of the system (and
consequently my desire to continue engaging with the system) relied on the pos‐
sibility of making meaningful changes “in real-time,” which, at least for me on
that particular day, meant no more than a few minutes per decision-chunk.

The gestalt of a temporal interaction can also be understood through the narra‐
tive concept of “suspense”: anticipation, or a sequence of uncertainty and resolu‐
tion  about  something  with  emotional  stakes.  Higher  sampling  frequency  in‐
creases risk through compounding the possible uncertainty but can potentially
decrease it by lowering the stakes in terms of material or time costs per decision.
Additionally, very high sampling rates can lead to effective incoherence, and thus
a breakdown in the emotional stakes of the process.

My three realized sketches primarily focus on steady, real-time pacings—that is,
disruptions arise and are resolved during a continuous session of weaving at the
weaver’s natural speed. However, other mappings are possible: one of my imag‐
ined sketches positioned the act of weaving as a daily ritual of care for a virtual
entity:  “loom as virtual  pet.”  The process of  weaving might then extend over
months, with relatively little fabric generated.

Broader  Implications:  Within  the  fabrication  landscape,  I  see  this  factor  as
pointing toward the necessity of tuning generative systems to specific fabrication
contexts.  This  close link between time and material  scale is  particularly pro‐
nounced in weaving; many digital fabrication processes do share a linear pro‐
gression (e.g. 3D printing typically uses a layer-based approach) but this is not
universal. Subtractive processes like milling may progress from rougher to finer
detail, or 4D printing includes transitions between shape states after fabrication
is otherwise complete [380]. Extending ideas of generative system design to other
physical media may prompt re-consideration of the time scales involved (e.g. the
short time scales of glass-blowing vs the long scales of gardening), as well as how
to support rhythms of production in less-linear media.

Within procedural generation research, the timescale of operator engagement in
these woven systems is unusual for generative systems—even bots whose output
unfurls over weeks or years do not typically require ongoing labor from their ob‐
servers. “[S]ustained, deep engagement with a single, gradually evolving generat‐
ed artifact” has been proposed as a partial solution to the problem of player de‐
sire for endless fresh content in games [186]; labor and material risk underscore
these. I see craft attitudes to difficulty and embodied value as a possible antidote
to novelty churn in procedural generation.

Roles and Sources of Disruption10.7.2. 
Most procedural generation systems are either fully independent of user input
(creator sets them in action), or are systems to elaborate upon or “complete” a
user input. My weaving systems inherently require weaver action to enact the
woven result; the weaver therefore has at least one role within the system, and
my sketches all introduce others. A “role” here is a manner in which an element
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of the system holds power, and it can be conceptually underpinned by analogy to
roles in other systems (e.g. the role of “subject” in “Slit-Scan,” or “host” in “Twitch
Plays Loom”). Roles can entail responsibilities and priorities, and can delimit ac‐
ceptable inputs to the system.

In underdetermined systems, an important role is that of disruption. Sources of
disruption can be within the structure itself,  as in a glitch system, within the
weaver as in my Slit-Scan and Blobs sketches, or from the environment as in my
Twitch example or data visualization weavings  [406]. Sources can be poetic or
meaningful, or deliberately in tension with the production process (as in the slit-
scan example, in which the weaving process itself is guaranteed to disrupt the
image input).

The dynamic balance of these scales and sources determines what or who “mat‐
ters” to the experience and output. Twitch Plays Loom is an example where both
the disruption and the stakes, and therefore also the locus of importance, come
from the live spectators; the weaver acts mostly as a conduit for these, enacting
the weaving for the enjoyment of the audience. The “float length” constraint (de‐
scribed in Subsection 10.1.1) affects the viability of the woven structure. While I
used shaded satin structures to impose fairly tight float length constraints in the
Slit-Scan and Blobs sketches, I did not enforce any weavability constraints in the
Twitch sketch. Insteand, as the weaver, I periodically reminded the spectators to
consider floats (and occasionally the spectators reminded each other) but did not
overrule any potential problems. In addition to taking the focus off viability, re‐
laxing this constraint gave the spectators rein to be mischievous or even subver‐
sive.

Broader Implications: Within fabrication, I often see discussion on the distribu‐
tion of power between users and systems: machine systems as co-creators, as fa‐
miliars, as apprentices [19, 168, 220]. I envision opportunities to examine not just
the relative extents and positions of power, but the manner and social templates
of how it is deployed in ways that go beyond humanlike characters: systems as
parties, as fortune-tellers, as camping shelter.

In procedural generation, intriguingly, I primarily see extended user roles specif‐
ically within analog systems [356]. However, many digital systems have the im‐
plicit user role of interpreting the output; consider a Twitter bot that generates
short murder mysteries  [59], or a generator of instructional artworks  [58]. Inte‐
grating complex roles alongside a generative process may deepen a generative ex‐
perience, or extend the possibility of circular, iterative, or reflective interactions.

Order, Disruption, and Effective Complexity10.7.3. 
While sources of disruption give uniqueness and meaning to a system, they must
be balanced against order to be legible. Karth notes that “perhaps the central ten‐
sion is  between the randomness that  generators use for aleatoric novelty and
their need for ordered structure to give that novelty the context for it to have any
meaning” and cites Galanter  [103] to point out that “effective complexity recog‐
nizes that highly disordered systems are nevertheless conceptually simple.”
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Weave structure viability is one form of order in a generative weaving system,
along with factors like semantic content and visual organization (e.g. symmetry)
in the output and regular pacing by the weaver.

Two possible mechanisms for ordering disruption are repetition and multiplicity.
In the “Twitch” sketch, the editable canvas available to the spectators is only one
hundred interlacements wide, allowing it to be repeated eleven times across the
width of the fabric. In addition to focusing the participants’ editing efforts into a
less overwhelming space, this copy/paste repetition in the final artifact points to
the fabric’s computer-mediated origins, despite its chaotic aspects within a given
repeat. In contrast, the “Slit-Scan” sketch also generated repeated frames within
the fabric,  but the different sampling rates generated a multiplicity of specific
outcomes from a unified underlying input (the video feed).

Broader Implications: Under material risk, factors like repetition or multiplicity
must be balanced against cost. Repetition may even be seen as contrary to the
ideals of digital fabrication. However, viewing these tactics as part of a system of
meaning can surface and support the system’s underdetermination while also
celebrating an artifact’s computational origin.

For procedural generation, physical viability can be a rich source of order. Gen‐
erators  that  produce bio-inspired imagery may be considered to  be  indirectly
constrained by physical viability—e.g. a “leaf” generator seeks to replicate or ex‐
pand upon forms that were initially produced under viability constraints. Materi‐
al craft processes have embedded vocabularies that may serve as inspiration or
goal structures for computational processes.

10.8. Limitations and Future Work
I sampled the space of real-time computational handweaving systems in three
places, demonstrating effects in each of my main themes. I offer suggestions for
how to tweak or slide these examples for individual experience, but such a sam‐
pling is by its nature specific and personal.

Other Computational Modalities10.8.1. 
As  mentioned,  I  developed  several  other  technical  implementations  of  input
modalities before refining my sketches. Each could interact with my design fac‐
tors in a multiplicity of ways. My modified foot pedal could allow us to override
or shift the pacing of each row request; it could be placed at great distance from
the loom, shifting the weaver’s role to athlete; it could use voice recognition to be‐
have petulantly, refusing to progress to the next row unless soothed with song.
Gestural input could be used to disrupt or smooth a pattern, or to suggest other
roles for the loom itself: as a musical instrument, or as a garden bed. I view these
modalities as essentially compatible with my focus on their effects on pacing fre‐
quencies and as sources of disruption or order, but I trust that their specific out‐
comes must be discovered through experimentation.
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Manifesting Community Around Digital Fabrication10.8.2. 
An individual weaver is only one of the possible participants that could be in‐
volved in a weaving process. The social aspects of analog fabrication are well-
documented and have found opportunities in online/networked space  [36,  128, 
189,  280]. There are also online communities for digital fabrication enthusiasts
[242]. My “Twitch Plays Loom” sketch integrates a social aspect; however, while
it  established a community space for the spectators,  it  was less successsful in
holding that space for the weaver. The complexities of human social interaction
could offer a rich source of variability and meaning in digital fabrication con‐
texts.

Tuning for Production10.8.3. 
While designing my systems, I deliberately set my scope outside of purely pro‐
ductive outputs. Indeed, many analog fabrication techniques are engaged in as
enjoyable pursuits or aesthetic experiences in their own right, and the crafting
community even considers some versions of productive challenge as semiformal
games  [369]. However, I observe that changing some parameters to individual
preferences can be enough to tilt a system from “playful” to “serious”—e.g. by us‐
ing a double-cloth weave structure instead of satin, the “Blobs” interface could be
used as a tool for manipulating functional e-textile layouts and integrating com‐
ponent pockets at a 1:1 scale; the livestreaming “Twitch” interface could be used
with an audience of expert weavers to harness their expertise as a learning tool
for the weaver.

10.9. Summary
I presented computational handweaving as a site for exploring the experience of
real-time, interactive, and underdetermined fabrication. I developed three novel
generative systems for interacting with computer-controlled weaving equipment
and used them within my own practice to reflect on the felt and embodied expe‐
riences they brought forth. As a way to think through the connections between
system design and experience,  I  identified temporal  and material  factors that
shape interactive fabrication systems. I suggest that these factors help readers
understand that  playful,  exploratory  and otherwise  reflective  engagements  in
real-time fabrication might need to be “tuned” to invididual users/tasks within
this parameter space.

As soft technologies, underdetermined weaving systems are adaptably structured,
and are necessarily and joyously shaped by their contexts. I aim for the work in
this chapter to inspire inquiry beyond the particular site of weaving to consider
how one might traverse, creatively ideate, and play simultaneously within the
manipulable material world and within the fluid space of computational possibil‐
ities.
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III. 

Liminal
Workflows



11. Background and Related Work: 
Soft Abstractions and Tools
Workflows are how we bridge between physical operations and contextual goals.
One popular form of workflow is conceptualized as a pipeline: a linear sequence
of processing steps from an idea through intermediate representations to a final
result. Traditional digital fabrication pipelines have their roots in industrial hier‐
archical distinctions between engineers, draftspeople, and machinists, separat‐
ing Computer Aided Design (CAD) tools for producing dimensional geometric
representations of forms from Computer Aided Manufacturing (CAM) tools for
producing fabrication machine instructions such as toolpaths [215]. Loops in this
overall  pipeline may well  be expected,  as when digital  fabrication is  used for
“rapid prototyping,” but the processing sequence remains more or less fixed.

However,  workflows  in  practice,  as  used  by  practitioners  from  artists  to  re‐
searchers, are much more fluid and hybrid [201, 388]. Soft workflows are liminal,
meaning transitional or indeterminate, both in their role as bridges and in the
possibility for the workflows themselves to be underdetermined and adaptable.
Tools may present not just a single result, but a space of possible outcomes; pro‐
cessing might be less of a direct translation between pipeline stages, and more of
a transmutation. In computational fabrication, workflows can benefit from both
the “soft” of “software”—the parts of the machine that can get remapped—as well
as fuzzy inputs from and outputs to the physical world.

11.1. Artifact and Experience
In designing workflows, there is a tension between the metaphorical “space” of
possible outcomes and the physical space and time in which creation occurs. The
creator’s  experience may be formed over varying amounts of time and feature
glimpses of diverse parts of a possiblity space, but ultimately a single point is re‐
solved as a physical enduring artifact.

Colloquially, artifact and experience may be treated as fundamentally at odds,
with artifact “quality” possibly sacrificed in favor of a more satisfying experience.
For example, a casual tie-dyeing process might be undertaken for the sheer de‐
light of seeing what happens; the resulting t-shirt might be more of a souvenir
than a cherished item in itself. (Some notable extremes of this are “destruction”
experiences [81] which are entirely disinterested in the resulting artifact.) How‐
ever, in a computational system, the lines between experience and artifact are
not always clear. In any interactive system, the “outcome” could entirely be the
experiential memories of the user  [185]; in a procedural fabrication system, an
“outcome” could be a single artifact, or it could be a series of artifacts understood
to be sampling a possibility space in some way [169] and therefore resolving in a
more experiential way. The computational abilities to repeat and “undo” (or, in
the case of fabrication, “fork and incrementally modify”  [251]) may mean that a
particular output is an artifact but not the artifact.
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11.2. Interactive Fabrication
In a strict CAD/CAM workflow, the fabrication process itself is almost entirely
non-experiential, often with long periods of time that are, ideally, uneventful. In‐
teractive fabrication is an area within fabrication research that focuses on en‐
abling a design process to occur  while an artifact is being constructed, shifting
the role of the fabrication device from being the endpoint of a pipeline to being
the site of design and material exploration.

In “Interacting with Personal Fabrication Devices” [251], Mueller defines interac‐
tive fabrication as having “four main characteristics: 1. the physical environment
is the workspace,  not a digital  editor;  2.  users work hands-on on the physical
workpiece  through physical  tools  as  known from traditional  crafting;  3.  each
physical  action  results  in  immediate  physical  change,  which  can  also  be  re‐
versed; 4. in contrast to traditional crafting, users receive support from a comput‐
er system that helps to achieve precision.”

While I diverge from this approach slightly in de-emphasizing precision as the
value added by computation, I find hands-on, real-time intervention with a fabri‐
cation machine pleasingly aligned with both the importance of material as a lo‐
cus of creativity and Pye’s ideas about interaction during the act of physical cre‐
ation as a fundamentally unique paradigm (as described in  Section 7.2).  I will
discuss the implications of  Muellerian and similar  interactive fabrication sys‐
tems along two axes: real-space (corresponding to Mueller’s characteristics #1 and
#2) and real-time (corresponding to her characteristic #3).

Real Space11.2.1. 
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One key component  of  Mueller’s  style  of  interactive fabrication is  the idea of
working directly on “the workspace”: the material, physically located on the fab‐
rication machine. For example, Constructable  [254] allows a user to “draw” di‐
rectly with a laser pointer onto the cutting area of a laser cutter with any of sev‐
eral tools to indicate a range of material effects, from cutting and scoring to pro‐
ducing complex gears and live hinges.

Such systems can integrate data about real-world objects placed on top of the in-
progress  model,  allowing  direct,  measurement-free  communication  of  con‐
straints. Sketch&Stitch  [124] allows a user to designate embroidery paths for e-
textile circuits by placing component modules directly on the embroidery ma‐
chine’s sewable area. (I used a similar in several of the weaving systems in Part
II.) Similar affordances have begun to be designed into commercially-available
fabrication equipment, such as the AutoPilot software for Innova Longarm quilt‐
ing machines  [343] which can use the operator-positionable sewing head as a
cursor in the task layout mode, and the camera view mode of a Glowforge table‐
top laser cutter [107], which overlays a rectified view of the real physical material
onto the design canvas.

Understanding  real-world  dimensions  is  a  key  problem  in  fabrication  —  ar‐
guably, seeing something at the right size is one of the primary drivers of compu‐
tational fabrication as a prototyping tool for designers, and users often struggle
even with linear measurements  [175].  By handling these aspects of fabrication
implicitly, on-machine fabrication greatly reduces the friction of incorporating



existing physical objects, either as inspiration [90] or as components of the final
object [418]. This is a particular benefit when the user is working with irregular
materials, such as in Larsson et al’s system for creating structures out of natural‐
ly-shaped tree branches [195,  404]. When a fabrication machine is small and/or
maneuverable, such as a Shaper Origin portable CNC router [350] or a handheld
filament extruder  [327], “the workspace” can be anywhere the machine can be
deployed, broadening “on-machine design” to include “in-situ design” and mak‐
ing it available for complex contexts.

On-machine interaction might also minimize or entirely remove screen-based
representation,  which  particularly  supports  context-specific  fabrication  para‐
digms that do not translate as well to a screen. Mueller’s FormFab system sup‐
ports shaping plastic sheets with heat and air pressure (as in glassblowing or
“billow” thermoforming); its gestural input system is well matched to the contin‐
uous physics-influenced forms it can create.

Augmentation for Interactivity11.2.2. 
As a variant of hybrid fabrication, I am especially interested in adding computa‐
tional  capabilities  to  a  not-otherwise-computerized  machine.  There  exists  a
wealth of existing fabrication technologies and communities of practice that are
currently seen as outside the scope of computational fabrication research. How‐
ever, systems like “Drill Sergeant” [341] and “Adroid” [378] have shown how com‐
putational systems can augment a manual fabrication task with real-time guid‐
ance, and augmented reality research has long shown how helpful information
can be overlaid onto physical surfaces  [407], boosting users’ ability to navigate
complex, domain-specific, and critical tasks [355]. Reflecting on the ways that in‐
teractive fabrication research has meaningfully extended fabrication machines
past the original bounds of the technologies to include the operator as “part of”
the machine, I do not consider it a stretch to include computationally-augmented
fabrication as an additional and meaningful form of computational fabrication.

Real Time11.2.3. 
The  other  component  of  “interactive  fabrication”  is  its  situation  during  the
process of fabrication: changes can be chosen and implemented while an object
is being made [409].

An arguable nascent form of interactive fabrication is the act of slightly interven‐
ing in the fabrication process—for example, briefly pausing a 3D printer to insert
an external material into the print  [319], or manually changing a plotter’s pen
color  [388].  Such turn-taking between fabrication equipment and user can be
used to accomplish tasks that neither could accomplish alone [223]. Interleaving
fabrication and design processes might also be thought of as a way of extending
historical ideas of physical icons or widgets as  input [117] by producing physical
output as well.

From another angle, beginning with the idea of computational fabrication as a
“prototyping” technology, concepts like “bidirectional fabrication” [405] push to‐
ward shorter and more fluid iteration cycles—if a user wants to slightly modify a
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design-in-progress, they can do so directly on a fabricated version of it, with the
computational system working to keep the physical and digital representations
synchronized [299].

Interactive fabrication might thus be seen as “hyper-rapid prototyping.” Mueller
identifies “a tight feedback loop”—the difference between a “turn-taking” interac‐
tion and a “direct manipulation” one—as a key part of making computational
fabrication accessible to novice users [254]. As such, the technical aspects of this
work  often  focus  on  reducing  the  length  of  iteration  time.  For  example,  the
WirePrint system for filament deposition printers reduces production time by up
to 10x by printing only a wireframe-like outline of a modeled object [252] and ap‐
plying  active  cooling.  RoMA  (“Robotic  Modeling  Assistant”)  [297] combines
Wireprint’s high-speed low-resolution printing with an augmented reality (AR)
head-up display to allow a user to modify their design in real-time with gestural
input; they will see their changes in the AR overlay immediately, and the physi‐
cal object soon afterward.

3D printing in particular can be framed as ideally a kind of “matter replicator”;
for example, a panel discussion at CHI 2022 on the topic of digital fabrication and
augmented reality stated that “both aim for a single end goal: creating ‘objects’
instantly” [79].

I note that these systems confront the experience/artifact tension by centering
the knowledge gained through designing as the locus of value: to reduce iteration
time, fabrication processes are often made “lower resolution,” implying that they
are merely simulacra, and underscoring their role as “prototype.” Such interac‐
tive fabrication systems can particularly excel as “time saving systems,” designed
to embody as much expert knowledge as possible and delegating repetitive or
time-consuming work to the machine.

Experimental, Experiential, and Hybrid Fabrication11.3. 
On the other hand, other creative interactive fabrication systems might be better
conceptualized as “time deepening systems” [123], where users are approaching
interactivity for the intentional purposes of “disrupting” or dehabituating an oth‐
erwise  familiar  practice  [76,  436] and  supporting  creative  reflection.  Because
these systems make space for other agencies to confront, challenge, or otherwise
disrupt their users,  their experience may even be characterized as difficult or
frustrating [269]; such “productive frustration” can itself be a positive experien‐
tial outcome. Hirsch deliberately confronts the temporal aspects of fabrication,
with a range of approaches including both technical work in super-rapid fabrica‐
tion with rapid crystallization and eutectic alloys, as well dance-based experien‐
tial fabrication performances [130].

“Hybrid” fabrication systems split creative work between multiple entities, possi‐
bly including software and hardware machine systems, creator-users and/or oth‐
er humans [198], the materials themselves [152], and even non-human living enti‐
ties [72, 210].

Hybrid systems which delegate part of the fabrication process to a human user
can be seen as collaborative systems [176]; research in other areas of human-ro‐
bot collaboration highlights that work-sharing arrangements can be designed to
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productively combine human strengths such as flexibility and context-awareness
with machine system strengths such as precision and repeatability [111]. For ex‐
ample,  in  woodworking,  small  areas  of  digitally-assisted joinery can combine
simple shapes into larger, complex structures. Tian et al’s MatchSticks system
[331] features a portable CNC router and a library of joints that can be accom‐
plished with it. Magrisso et al’s “Digital Joinery for Hybrid Carpentry” system
uses optimized plastic joint components formed by selective laser sintering to
connect basic wooden members. Leen et al’s “JigFab” produces custom jigs to
guide the user in more-traditional carpentry; by modularizing the design space
of jigs, it allows for very fast construction of new jigs from standard components
with small custom additions [199].

Pushing hybrid carpentry further, the FreeD system [436, 437] consists of a fully
handheld milling tool and a positional tracking system. The user may move the
milling tool anywhere in the working volume, and the default mode of the sys‐
tem is to carve only around the user-provided target shape—when the tool would
cut into the target shape, the system turns off the cutting bit. However, the user
can selectively override this scaffolding, as well as digitally mix the input shape
alongside the carving process. In writing about this system, its authors empha‐
size experiential aspects of its use, and how the blend of machine and human
agency is perceived by various users of the system. A hybrid system like FreeD is
particular suitable for creators with deep expertise, who may want a high degree
of real-time agency. Turn By Wire  [379] describes a system which is explicitly
computationally mediated while retaining a high degree of agency for the human
user.  Its  interface  is  deliberately  highly  similar  to  a  typical  manual  lathe  —
opaque to a novice, but intuitive for an expert — with an overlay of computational
capabilities  like  repetition  with  variation  and  digitally-enforced  endstops  and
guides.

However, such hybrid systems can also be designed for non-expert users, espe‐
cially in support of  a learning process.  The 3D-printed “proxies” in the Prox‐
yPrint system  [382] encode skilled wirebending practices:  stencils suggest the
deconstruction of a shape into primitives, jigs enforce bending in torsional forces,
and forging proxies provide guides to judge appropriate amounts of flattening.
These proxies offer varying levels of support to novices versus experts, but each
had the result of altering its user’s construction approach. “Ground truth” proxies
like jigs helped provide confidence and cognitive offloading for novices, which al‐
lowed them to grow their own practice.

Lastly, because of its perceived immediacy, experiential fabrication can also en‐
able  playful  or  otherwise alternative engagement  with fabrication equipment.
“Destructive Games” explores using a laser cutter as a component of a series of
games which automatically destroy real-world objects as the stakes of playing
[81]. “Loominary” uses a handloom as an input device for a choice-based adven‐
ture game  [368].  My own “Threadsteading” situates a  two-player territory de‐
fense game within machine sewing equipment (initially a quilting machine, then
ported to an embroidery machine), which adds both strategy-deepening “waiting
time” to each move, as well as a tangible trophy for the winner to keep. These
works expand our ideas of what a fabrication machine can be, and for whom.

Liminal Workflows / 89



11.4. Representations and Modular Workflows
Even where it is not desirable or possible to directly intervene with a fabrication
process—for  example,  on  an  industrial  knitting  machine  with  a  mechanical
complexity and operating speed that would make interacting with it during fab‐
rication time dangerous for both machine and operator—the connection between
creator specification and eventual output is a site of inquiry.

Many of the experiential fabrication systems discussed above operate on a basis
of “what is done” (by the machine and, in the case of hybrid fabrication, by the
creator)  instead  of  “what  will  result.”  This  differs  from  a  classic  CAD/CAM
workflow, in which a user specifies their desired result in terms of its geometry,
typically  either  using  constructive  solid  geometry  or  with  the  point-mesh  or
boundary  surface  representations  historically  used  in  computer  animation.
From there, the operations needed to produce this result on a target fabrication
machine are produced via automatic or user-assisted toolpath planning. For ex‐
trusion-based 3D printing, this can be quite automatic; it typically involves slic‐
ing the geometry into horizontal layers, generating contours, determining inner
and outer areas and generating infill patterns, and converting contours and infill
paths into GCODE instructions [214]. (For machine knitting: while working from
a 3D point mesh representation is not at all the typical industrial workflow, it
nonetheless is possible and might be seen as one way to make machine knitting
“as easy to use as 3D printing” [234].)

Separating “what” (overall geometry) from “how” (specific machine operations)
makes it possible to generalize to other machine types with similar output affor‐
dances: for example, from a cartesian 3D printer to a delta printer, or more dras‐
tically from additive 3D printing to subtractive milling. However, one tradeoff is
that such pipelines necessarily reduce access to atypical capabilities of a particu‐
lar machine and constrain outcomes to the specific affordances of the representa‐
tion. For example, filament 3D printing techniques have been developed that use
under-extrusion  [95],  over-extrusion  [204],  or  unsupported  drooping  filament
[296]; these are tuned to particular kinds of machines, and they are not well de‐
scribed by a solid geometry representation. Emergent material properties, extra
functionalities  of  a  fabrication  machine,  and  experimental  effects  arising  be‐
tween the two—what I will describe as “grain” in Chapter 14—are typically not
specifiable in an unmodified CAD/CAM workflow.

While the terms are highly related and are not always used in exactly these ways,
within this work I use “representation” to mean a computational data structure
of an outcome (as opposed to a sequence of actions), and “notation” for a user-fac‐
ing manipulable form (likely by not necessarily either visual or textual). Often, a
notation is built with a visualization of some aspect of the underlying representa‐
tion; for example, three-dimensional geometry is typically visualized on comput‐
er  screens through orthographic  or  perspective  projection;  different  materials
may show as different colors or patterns.

Representations and Notations11.4.1. 
Alternative or additional representations for fabrication can be found in many
projects  that  go  beyond typical  material  outcomes.  For  example,  an  engineer
might want to annotate a model with desired functional affordances to ensure
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that later processing steps do not prevent the outcome from performing as in‐
tended [133]. These can be represented as different “materials” within a solid ge‐
ometry or point mesh model. Or a complex material like a magnetophoretic dis‐
play might be designed as a parametric overlay onto a 3D mesh [424]. Extended
representations such as these may be able to similarly use modified production
pipelines. For example, the Geodesy system  [119,  120] implements a specialized
slicer  to  produce  shape-changing  artifacts  which  use  a  shape-memory  effect
tuned by the layer thickness and printing direction of  a  fused filament print,
which would otherwise be secondary aesthetic concerns. By modifying just part
of a typical 3D printing pipeline, this project benefits from existing tooling for
the other parts, such as many possible tools for generating and modifying the
point mesh representation format.

However, an outcome that is less about an overall geometry, or is otherwise com‐
plex in a way that is not well-supported by existing models, might require a less
typical representation. Crucuially, any representation for fabrication must ulti‐
mately be transformed into the sequence of actions needed to produce it. This
can be thought of as a compiler: “a program that can read a program in one lan‐
guage—the source language—and translate it into an equivalent program in an‐
other language—the target language” [4]. For complex domains like computation‐
al knitting, compilation can be quite complex; indeed, whether or not a particu‐
lar output can be produced on a given knitting machine can be non-obvious [233],
and very low-level machine operation considerations can propagate in surprising
ways to the output object.  Thus a machine-knitter, particularly one who is at‐
tempting an unusual or advanced structure, may wish to work with representa‐
tions of knitting at various levels of abstraction—perhaps stepping through simu‐
lated machine instructions directly when debugging a knitting problem, perhaps
treating segments of a surface as composable patches [132], or perhaps generat‐
ing realistic predictive renderings of the overall object  [166,  430].  I view these
representations as complementary, each suited to particular parts of the possibil‐
ity space of knitting, and I view approaches which can handle a multiplicity of
such representations, and respective compilers where appropriate, as necessary
to support creative exploration.

Once a representation exists, it must be presented to, and manipulated by, cre‐
ators: it must have an accompanying notation. The success of a notation hinges
on which aspects of the problem are relevant to the user, so notations are neces‐
sarily domain- and task-specific. They can be quite personal  [221]. The Penrose
system  aims  to  translate  between  notations—written  mathematical  notations
and conceptually appropriate diagrams—with an emphasis  on extensibility  to
unique  or  even  idiosyncratic  domains  [427].  (I  discuss  existing  notations  for
weaving in Chapter 8 and knitting in Chapter 12.) Visual notations—diagrams—
have a robust history in HCI for sense-making and information visualization. A
prevailing argument for visual notations, as summarized in 1987 by Larkin and
Simon is that “diagrams automatically support a large number of perceptual in‐
ferences, which are extremely easy for humans”  [193].  Interactive notations can
make complex domains tractable for casual readers; for example, Nicky Case’s
Explorable  Explanations website  hosts  explanations of  topics  including large-
scale social dynamics [267] and epidemiology [353].

Notations necessarily encode a level of abstraction and boundaries of what can
be notated [396]. A notation makes it possible to document a possibility; a good
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notation makes it possible to compare possibilities in ways that are meaningful to
the user. Iverson lists  suggestivity as a hallmark property of a good notation: “A
notation will be said to be suggestive if the forms of the expressions arising in
one set of problems suggest related expressions which find application in other
problems.”  [157] An  “opinionated”  representation  —  one  that  draws  a  tight
boundary around what can be represented — can establish and enforce messier,
softer aspects like “style.” In Chapter 14, I discuss how developing an opinionat‐
ed/stylized representation can be a generative act of tool-building.

Toolpath and CAM-based Workflows11.4.2. 
Instead of manipulating a representation of an outcome, fabrication systems can
center the actual sequence of fabrication actions as the locus of manipulation.
Arguably, working in this way is much more like working with non-computa‐
tional tools. Such systems might be thought of as speculative, as “alternative” to
the dominant paradigm in computational fabrication [248], and can be referred
to as “toolpath” [38] or “CAM-based” [67] design.

In a series of works centered on extruded clay printing, the Expressive Comput‐
ing Lab has explored several CAM-based fabrication interaction systems [38, 67, 
101,  248]. In one such system, a real-time/real-space hybrid pottery system con‐
sists of an extrusion printer directly mounted on an electronically-controllable
pottery wheel; the potter can choose in real time to use the system as if it were
fully un-augmented pottery wheel, or as if it were fully a 3D printer, or in an on-
the-fly,  hybrid  manner  with  modular  hardware  control  akin  to  musician foot
pedals [248]. In another, a creator can directly doodle an extrusion path in a top-
down view on a computer or tablet screen [101]. These two systems in particular
are at the extremes of that lab’s work in terms of how much physical hardware
and real-time/real-space control is involved, but they share a powerful central
workflow paradigm of using the machine “directly”; representations of the out‐
come per se are within the creator’s head.

In Chapter 13, the computational intent and instructions are intrinsically opera‐
tion-based. While the system does provide a lightweight predictive preview, the
underlying model is that of the machine itself, not the yarn.

Compositional and Modular Workflows11.4.3. 
Modular workflows are particularly relevant to softness. As Twigg-Smith points
out,  many creators  switch between several  modalities,  likely  developing their
own unique blend of “direct specification tools, parametric tools, and translation‐
al tools” [388], and therefore grappling with how to “glue” their workflow togeth‐
er.

“Compositional fabrication” [177] describes an approach of using an assortment of
compatible middleware to allow a user to steer the design of an output in ad hoc
and fluid ways. Tran O’Leary’s work aims to formalize composability for digital
fabrication using programming language design [385] and visualizations under‐
pinned by programmatic modularity [384]. Building on these, several systems by
Tran O’Leary and Twigg-Smith propose flexible visual programming workflows
for fabrication. Machine-O-Matic is positioned as a way to prototype workflows
[386], whereas Dynamic Toolchains are presented as infrastructure to be used
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throughout a creative process  [389].  Tandem emphasizes interoperability with
other complex software, such as Fusion360, and shareability with collaborators
[387] In weaving, AdaCAD is a full-featured weaving design system intended to
support everything from simple patterns to complex weaving concerns like yarn
connectivity for e-textiles [100] and multi-layer fabrics for artisan practice [77]. It
therefore confronts difficult problems of representation and composition, from
overall  parametricity  to  control  over  specific  interlacements.  Dynamic
Toolchains and AdaCAD use a “dataflow” paradigm, in which functional modi‐
fiers are represented in a graphical interface, typically with boxes representing
functions, sockets representing the arguments and return values of those func‐
tions, and “wires” or “noodles” that can be drawn to connect them. Such inter‐
faces have been used in several creative programming contexts such as in the
music and video effects generating languages Max [433] and Puredata [309] and
in the modeling and animation software Blender [98].

Together, these modular fabrication workflows combine the advantages of pipe‐
lines — broad support for various specific hardware systems — with on-the-fly
reconfigurability and extensibility. While I have focused on less screen-based in‐
teraction in this dissertation, modularity and the potential for composition are at
the heart of how I have engineered every system in this dissertation. Particularly,
the “brioche format” in Chapter 14 is designed to be flexibly modifiable.
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12. Fabrication Technique: Knitting Again
In Part II, I centered weaving for its rich histories and range of possible contexts.
Here in Part III, I revisit knitting, which I described in terms of low-level opera‐
tions in Chapter 4. In this chapter, I provide background on tools and workflows
for knitting; because of the tremendous possible complexity of knitting, these are
numerous, and they range from general to highly task-specific.

Knitting can be done in various ways: by hand on straight needles or on knitting
frames, and on knitting machines of a wide range of complexity. While the re‐
sulting structures can be quite similar, the resources required for each produc‐
tion technique can be very different and this  is  reflected in their  typical  out‐
comes. For example, a hand-knitting pattern should ideally be straightforward to
understand and remember (e.g. a set of operations is repeated with minor varia‐
tions), and it may minimize maneuvers that are physically tricky for beginners.
Conversely, in machine-knitting, some operations are downright impossible that
a  hand-knitter  would  find  trivial.  Hand-knit  structures  typically  have  larger
loops than machine-knit ones, and therefore may prioritize decorative manipula‐
tions at the scale of small numbers of loops (e.g. “cables,” in which columns of
loops cross each other) which would be illegibly small in most machine-knitting;
machine knitting may instead tend toward all-over textures that require many
loops per pattern element.

Not all knitting machines are as automatic as the industrial v-bed machine I de‐
scribed in Part I. Indeed, many knitting machines are fully or semi-manual, re‐
quiring a human operator to execute the knitting process. Some have electronic
patterning control,  similar to  the Jacquard handlooms in  Part  II,  while some
support mechanical patterning via cams or punchcards  [62] and some rely en‐
tirely on the operator to produce any patterning beyond a single-color rectangle.
Depending on the machine, tools for this kind of knitting are likely to include
some of the concerns of hand-knitting, such as making the patterning legible to
the knitter, as well as some of the concerns of automatic machine knitting, such
as low-level needle allocation and electronically interfacing with the machine.

In representing knitting textures computationally, it is particularly tempting to
reach for “pixel” representations of knitting. Just as with woven interlacements,
though, a pixel is an incomplete proxy for a knit loop. While some knit textures
are indeed “colorwork”—patterns in which the color of each stitch is the main
design element, as in pixel art—many others are not, and a “pixel” approach to
representing them can obscure their rich design spaces.

12.1. Representations and Tools for Hand Knitting
All of the knit work in this dissertation was produced on either an industrial or
semi-manual knitting machine. However, the notations of hand knitting are un‐
avoidably influential in machine knitting, so I will summarize them here.

Hand-knitting patterns have traditionally been disseminated in a textual form
often called “knitspeak” [132], which is a sequence of abbreviated terms directly
representing specific loop-level operations for a hand-knitter to enact. Knitspeak
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was developed in the late 1800’s and, being textual, was easy to typeset into the
printed handbooks and magazines that were the primary way of disseminating
knitting knowledge at the time [332]. However, it is inherently sequential, not 2-
or 3-dimensional like the outcome, and not particularly amenable to direct cre‐
ative manipulation. Instead, knitters typically plan, and increasingly frequently
disseminate, their projects using a combination of sewing-pattern-like sketches
of overall shaping alongside a grid-based notation called a chart. Charts are par‐
ticularly often used to represent a graphic motif which will be repeated within
the overall shaping. While many knitters will simply use graph paper or even
spreadsheet software to plan charts, purpose-built applications for knit charting
[2, 44, 47, 241, 397] are typically lightweight tools for correcting aspect ratios, pre‐
viewing repeats/tilings, planning color combinations and yarn quantity require‐
ments,  and  exporting  charts  to  be  followed  by  other  knitters;  some  include
modes for other chart-based techniques like counted stitch embroidery. The pop‐
ular DesignAKnit software  [41] builds on these simpler knit charting applica‐
tions by also including tools for overall shaping (which are similar to the same
company’s “Fittingly Sew” tools for sewn garment design), as well as machine
control capabilities for home knitting machines and real-time audio instructions
for hand- and home-machine-knitting.

Although in many cases there is a simple correspondence, a gridded chart funda‐
mentally notates operations, not necessarily outcomes. For example, a single op‐
eration resulting in two loops would be represented as single chart cell. Addition‐
ally,  knitting  easily  supports  overall  fabric  shaping,  such  as  non-rectangular
boundaries and double curvature. Unlike a weaving draft, which can represent
one  surface  of  weaving  fairly  literally  because  fabric  woven  on  a  frame  or
Jacquard loom is (at least while it is being woven) flat and rectangular, a rectan‐
gular knitting chart which may result in a non-rectangular surface is inherently
somewhat abstract. The charting software Stitch Maps [43] is designed to offset
this by combining typical charting symbols with a non-rectangular grid, though
Stitch Maps requires valid textual  knitspeak instructions as input.  (A similar
non-rectangular charting format is much more common in the adjacent hand‐
craft domain of crochet, which particularly excels at overall shaping and topolo‐
gy.)

Regardless of notation system, hand-knitting instructions often prioritize practi‐
cality, e.g. by regularly repeating a short sequence to allow the knitter to work
from memory. Tools that support hand-knitting may include functionality like

knit purl merge split

Figure 12.1 Basic knit loops and notations. a) A small area of knitting showing the
default “knit” (a loop pulled from the back to the front), “purl” (a loop pulled from front
to back), and how columns of the grid can be merged and split. b) Two typical hand-
knitting notations for this knitting—textual “knitspeak” above, and a chart below.

(a) (b)

Rows 1 & 3 (WS): p5, k, p7
Row 2 (RS): k, (k1, p1, k1),
k2, k2tog, k2, p, k5

1
2

3
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the ability to highlight the currently in-progress row [43] or audio cues [41]. Most
of these tools are software-only, but the eLoominate project augments a purpose-
build peg knitting loom—a type of jig for hand-knitting, often used for teaching
novices—with LED indicators to guide users through simple two-color patterns
designed in advance on an accompanying application [114]. This use of real-time
record-keeping assistance, as opposed to automation, was influential to the aug‐
mented knitting machine in Chapter 13.

12.2. Representations and Tools for Industrial Machine Knitting
In industrial knitting, each of the major two knitting machine manufacturers,
Stoll and Shima Seiki, provide a proprietary design software to interface with
their  machines  [362].  (The  industrial  knitting  machine  used  in  this  work  is
Carnegie Mellon University Textiles Lab’s Shima Seiki SWG091N2. Like most
other members of the Textiles Lab, I typically use the open Knitout format [232]
as a intermediary between my knitting systems and Shima’s Knitpaint format. I
occasionally, but very rarely, edit knitting patterns directly in Knitpaint; this is
typically either to make a quick fix or, if there is a guest in the lab, for pedagogi‐
cal or comedic effect.)

Stoll’s M1Plus and Shima’s SDS-ONE design systems offer similar capabilities,
including grid-based charting, templates for shaped knits, and machine opera‐
tion preview visualizations for debugging, as well as industry-targeted capabili‐
ties such as remote machine access and ticketing/management systems. While
both companies make machines that are capable of fully three-dimensional shap‐
ing—Shima Seiki calls this “Wholegarment” and Stoll calls it “knit&wear”—nei‐
ther design system offers general 3D editing capabilities; instead, several template
shapes such as “sweater” and “tubular object” can be parametrically modified
through a “wizard” interface.

Within the research world, machine knitting has been recognized as a powerful
fabrication technology particularly in HCI and Graphics research. This work has
primarily focused on fully automatic computational knitting, both as a means to
produce technical materials and as a target for improved design and fabrication
pipelines. Some of this work is driven by a vision of machine knitting as a “gen‐
eral purpose fabrication machine”: from building an improved technical stack at
the low level by establishing the Knitout standard [232] and investigating medi‐
um-level compilation to that format from shaping primitives [233] to generating
shaping patterns from 3D point mesh models [258, 262]. Especially at the level of
individual loops and needle operations, mathematical approaches have been pro‐
posed to optimizing machine efficiency and reliability  [205,  207], especially by
solving fundamental representation problems for provable equivalence [206].

Getting  more  specific  to  the  affordances  and  contexts  of  knitting,  the  “stitch
mesh” computational model, which represents knit stitches as nodes connected
by  yarnwise  and  loopwise  edges,  has  been  established  to  describe  knitting
(e.g. for rendering images [430]), as a basis for establishing knittability [415] and
constructing  composable  texture  patterns  [263],  as  an  exchange  format  that
hand-knitting patterns can be interpreted to [132], and even as the basis of a mod‐
el for the adjacent technique of crochet [122]. Other mid-level representations in‐
clude composable and parametric “template” patches  [162],  and a fabric-native
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system for representing knit surfaces via flat patterns similar to sewing patterns,
to provide a familiar interaction paradigm for garment-design experts [173]. Sys‐
tems for specifying texture include the KnitPick system which presents a data‐
base of textures harvested from hand-knitting patterns and a method for com‐
posing and modifiying them [132] and an approach to extracting predicted knit‐
ting operations from a photograph of an existing knit swatch using neural net‐
work  instruction  synthesis  [172].  Technically,  any  of  these  are  about  knitting
broadly, not just machine-knitting (and the earlier stitch mesh projects do not in‐
clude compilation to the machine),  but for the most part they do not produce
practical hand-knitting patterns—the complexity of the output is driven by the
capabilities of the machine.

12.3. Representations and Tools for Hybrid & Manual Machine
Knitting
As a cross between the support for computational complexity of industrial ma‐
chine knitting and the possibilities for creative intervention (not to mention the
much  greater  accessibility)  of  hand-knitting,  manual  knitting  machines  have
been the locus of a wide range of creative work both in academia and outside of
it. A tremendous range of knit patterns can be produced on such machines [62]
and, at their least expensive, such machines are affordable for casual hobbyists;
mid-range machines are frequently used by students in textile design and fash‐
ion schools as well as more serious hobbyists. Overall shaping is certainly possi‐
ble on this type of knitting machine, but it typically requires frequent hands-on
intervention. These machines are therefore particularly used for texture knitting,
especially that which can be produced with changing yarn carriers and combi‐
nations of the “knit”, “tuck”, and “miss” needle operations (i.e. not “transfer”).

Less-automatic machines have primarily been explored in research on the hard‐
ware side. All Yarns Are Beautiful (AYAB) [20] is an open-source project which
documents an Arduino-based replacement controller for the 1980’s Brother Elec‐
troKnit  series  of  computerized home knitting machines—these machines  are
manually operated (non-motorized), but the computer controls specific pattern‐
ing (typically used for two-color “pixel art”-style patterning, but more complex
styles  are  possible  too  [390]).  Another  open-source  project,  OpenKnit  [329],
sought to make it possible for a hobbyist to build a knitting machine from off-the-
shelf and 3D printed parts. Depending on the build, an OpenKnit machine could
be fully manual or mostly automatic. (OpenKnit has since become a hardware
startup, Kniterate [330], which makes fully-automatic industrial-style machines
for non- or less-industrial contexts.) AYAB and OpenKnit are both long-running
projects with active communities (as of this writing, the OpenKnit Instructable
has over 111,000 views [329], and the AYAB discussion group on Ravelry has 362
members  [93]); other, smaller projects include small-run specialty tools for au‐
tomating color changes  [363] and repeating patterns across the width of a knit
[187]. These hobbyist-led innovations have supported interactive art [339] as well
as  experimental  architecture  research  [26].  Together,  these  projects  highlight
both a community interest in manual machine knitting as well as opportunities
for creative practice.

Manual machine-knitting is a skill that can require a fairly deep knowledge of
the knitting machine. The notations for it can be opaque and niche, as they often
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depend on the affordances of specific brands and models of machine [62]. These
include: diagrammatic views of the selected needles and cam settings [63], espe‐
cially  for  less-automated  machines;  straightforward  reproductions  of  the
punched card or marked mylar input to semi-automated machines (e.g. [65]); and
simple grids for colorwork patterns [64], as in hand-knitting. The ability of even
low-feature  manual  knitting  machines  to  pattern  using  tuck  and  miss  (often
called “slip”  in this  context)  operations—thereby extending individual  stitches
past the borders of a simple grid cell notation—complicates the correspondence
between grid notations and the actual knit output.

In a series of work on creativity support tools particularly targeting the the pat‐
terning affordances of a Silver Reed domestic machine with carriage-based se‐
lection,  Twigg-Smith  has  developed  a  semi-simulated  notation  for  tuck-  and
miss- based patterning [390]. Unlike much of the existing work in fabric simula‐
tion, which is driven by graphics researchers and thus aims to produce highly re‐
alistic graphical renderings suitable for product imagery or animated films [166, 
430], Twigg-Smith’s system is diagrammatic: it combines a familiar grid-based
input system with a light 2D physical simulation to show the locally-distorting ef‐
fects of this type of patterning, without introducing visual complications. I simi‐
larly used a mass-spring simulation in the work in  Chapter 13,  for  much the
same reasons; in my case, I targeted a style of knitting (“racked rib”) with loops
that overlapped laterally, so I abstracted the specific visual motif of loops to make
the distortion effects more legible to novices.

12.4. New Workflows
I describe this thriving ecosystem of tools for hand- and machine-knitting not be‐
cause I intend to replace or obviate it, but because it’s a mature example of how
fabrication practices have developed to encompass numerous overlapping con‐
cerns, from the material to the contextual. Recurring notations and abstractions
can be a strong foundation for new ones, as in the case of the Stitch Maps modi‐
fied  charting  system,  and  existing  technical  systems  can  be  modified  and
remixed, as in the case of the AYAB hardware control project. These practices
can be inspirational to any domain of fabrication, and creativity broadly.
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⁂ Experiential Workflows for Knitting
In Chapter 13 and Chapter 14, I describe two systems for machine knitting that
support improvisational, underdetermined creative outcomes in machine knit‐
ting. Each builds upon a worked-through computational model of machine knit‐
ting at sufficient complexity to unlock creative potential and showcase the rich
potential  of  the  fabrication  technology,  while  encapsulating  a  specific  design
space within it.

In Chapter 13, I show how an existing non-computational workflow can be com‐
putationally augmented. In  Chapter 14, I introduce the concept of a  grain space
and use it to develop a modular system for knitting “brioche” fabric. Each system
presents a tension between creator agency and control, and I use each as an op‐
portunity for discussions with creators on their own relationship to personal and
improvisational workflows.

The work in this Part exemplifies the role of modular, emergent, and deployable
workflows to  channel  the  tendencies  and  opportunities  of  low-level  material
properties and operations toward experiential and situated creativity.
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13. Augmenting a Manual Knitting Machine
Manual knitting machines, as described in Section 12.3, are an opportunity to ap‐
proach two specific challenges that prevent computational fabrication from be‐
ing used at its full potential, for all the varied tasks supported by traditional fabri‐
cation. One is the rigidity of mono-directional CAD/CAM pipelines, as discussed
in  Chapter 11.  Another is that specialized computational fabrication machines
are often highly expensive and fragile, which greatly undercuts their availability
for novices or for experimental tasks. Manual machines are much less expensive,
and much more robust to human interaction, than automated ones. (Indeed, they
do actually require such interaction.) The physical scale of their output is well-
suited to hands-on, real-space experimentation, and, as with the looms in Part II,
the requisite manual operation of the machine itself lends itself to real-time de‐
sign.  This type of  machine is  already common in non-production contexts as
learning tools for textiles design students, as prototyping equipment, and for hob‐
byist use.

However, while these machines can certainly produce fabric faster than hand-
knitting on pointed needles, they do not necessarily require any less expertise.
Indeed, the relationship between the user’s operational input and the final object
is arguably even even more obscured than in hand-knitting, because the most re‐
cently formed fabric is  hidden from sight behind the needle beds,  preventing
users from getting timely feedback on their actions. Additionally, like many well-
developed but manual fabrication processes and machines,  knitting machines
can have complicated, inter-related mechanical settings.

These challenges and opportunities of manual machine knitting are the basis of
the work in this chapter: a case study for how a “lower tech” manually operated
machine can be augmented with new capabilities using lightweight sensing and
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simulation methods. By combining machine state tracking with domain-aware
interaction modules, my system provides immediate feedback about the recent
past, current, and potential future states of the machine. This 1) enables creative
access to the otherwise opaque fabrication process of manual machine knitting,
broadening access to machine knitting overall as a fabrication technique and 2)
provides an example of on-machine interaction using the machine as an imme‐
diate and embodied input, with implications for experience of working with the
machine, especially for novice users.

This work diverges from typical Interactive Fabrication research in that the un‐
derlying fabrication machine is not electronic or even electrical; even with aug‐
mentation, the system does not autonomously produce physical output. The ma‐
chine itself was always intended to be operated by hand, so some common con‐
cerns in Interactive Fabrication, like reduced iteration time and imposing addi‐
tional safety features, are less relevant here. Instead, the focus of this work is on
how to develop and communicate real-time and real-space interpretive feedback
in a lightweight and modular way.

13.1. Operating a Manual Knitting Machine
The work in this chapter is based on a Dubied NHF4 manual knitting machine
which is functionally very similar to models made by the same company in the
early 1900s, and even fairly similar to its predecessors from the mid-1800’s. Like
many other mature machine technologies, its operation interface is constructed
for reliability and relative power of expression, not for legibility or ease of use. I’ll
summarize its operation and patterning affordances in this section to form some
basis for understanding my interface augmentations, as well as to underscore the
difficulty of learning to use a manual knitting machine unassisted.

As  with  the  industrial  computer-controlled  knitting  machines  described  in
Chapter 4, manual knitting machines form fabric on hook-shaped needles. These
needles are arranged in parallel in individual slots on beds. The simplest manual
knitting machines might have just one of these beds, in which case the needles
run parallel to the floor, with the hook end of each needle facing the user. Our
Dubied machine has two beds, arranged in the same inverted “v” as the Shima
Seiki machine I used in Part I. (In a domestic machine, the second bed might be
sold as an optional attachment, and referred to as a “ribber.”)
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The carriage is the main point of contact for the user. The carriage has two main
roles. First, it controls the yarn carriers which position yarn in front of each nee‐
dle; these may be directly integrated into the carriage body, or, as in the machine
used in this work, the carriage may be able to selectively engage separate but pas‐
sive  carriers  for  multi-color  knitting.  (Industrial  computer-controlled  knitting
machines coordinate the carriage and carriers either with selective mechanical
engagement or with electronic synchronization.)

Second,  the  carriage  contains  a  set  of  cams which,  when the  carriage  is  slid
across the needle bed, push the needles up and down along their slots to carry
out the operations of knitting. These operations include the eponymous “knit”
operation, in which the needle is pushed forward to catch the yarn from a carri‐
er, then pushed back down to pull a loop of the yarn through any previous loops
on that needle, dropping those previous loops in the process (Figure 4.3 in Sec‐
tion 4.1). The other most typical operation is a “tuck,” which also grabs a loop of
yarn from the carrier, but does not pull it through existing loops, instead incre‐
menting the number of loops on that needle (Figure 4.4 in Section 4.1). A group
of controls on the carriage configures the pattern of stitches carried out across a
row. All together, these operations determine the loop-to-loop connections of the
knitting, with effects in the knit surface’s stretchiness, density, and surface pat‐
terning.

To operate a manual knitting machine, the user must push the carriage across
the needle bed for each row, alternating leftward and rightward passes. This ac‐
tion can require up to 15 lbs of force, and knitters typically stand at the machine
to operate it.

The knitter can also transfer stitches (move them from one needle to another, as
in Figure 4.5 in Section 4.1), but this is not an automatic operation as it is in in‐
dustrial knitting; it must be done by hand, in an operation that takes some skill
to perform quickly or reliably. (Nonetheless, these hand-manipulated stitches can
greatly increase the repertoire of a manual machine-knitter [121].)

Figure 13.1 Right: the overall layout of a v-bed manual knitting machine, showing
the carriage (Image modified from Wikimedia Commons, [83]). Right: a view of the
needle bed and one carrier on my machine.
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Patterning Affordances of Manual Machine Knitting13.1.1. 
While operating the machine, a knitter can adjust the various cam settings of the
carriage, as well as engage different yarn carriers. When the knitter moves the
carriage across the needle bed for each row of knitting, the carriage cams guide
the needles up and down in their individual slots for knitting and tucking. The
cam settings for a given pass of the carriage will select which needles will knit,
which will tuck, and which will be missed (passed by without being actuated).
On knitting machines intended to support tubular knitting, as ours is, these car‐
riage cam settings can be allocated independently for each direction of pass, per
bed.  Therefore,  the knobs are repeated for  each of  leftward on the front  bed,
rightward on the front bed, leftward on the back bed, and rightward on the back
bed.

Within a bed-direction, selection is based on needle type. On the Dubied NHF4,
there are two types of needles: “high” needles and “low” needles, referring to the
distance the needle’s selector tab protrudes from the surface of the bed. For each
bed-direction, the cam settings are presented as a set of two switches Figure 13.2
which alter the selection cams’ proximity to the needle bed. If a cam is brought
close to the bed it will catch and actuate all of the needles (both high and low). It
might otherwise be brought away from the bed to miss all of the needles, or it
might be adjusted to a distance where it actuates just the “high” ones without the
“low.” It is not possible to select just the “low” without the “high.”

Therefore the three positions of the selection switch are: “select all needles,” “se‐
lect high needles only,” and “select no needles”; the three positions of the  knit/
tuck switch are “knit all selected needles,” “knit the high and tuck the low, assum‐
ing low are selected,” (abbreviated as “k/t”) and “tuck all selected needles.”

Figure 13.2 Left: a bird’s-eye diagram of the carriages shows how a set of two switch‐
es are mirrored for the leftward and rightward directions on each of the front and
back carriages. Right: Within each bed/direction set, there are two switches—“knit/
tuck” and “selection”—each with three possible positions. The “selection” switch ro‐
tates on the face of the carriage, and “knit/tuck” is a rocker switch.
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The choice of which type of needle should be in each slot on the bed is estab‐
lished before knitting begins, and stays the same throughout the knit job. (Indi‐
vidual needles may additionally be put “out of work”—that is, set to a position
where the cams don’t actuate it, regardless of their settings—during knitting. Be‐
cause this can create problems, such as jamming when a yarn loop prevents the
needle from being taken fully out of work, my system never suggests it. None of
the knit fabrics shown in this work required changing needle allocation during
knitting.) However, the combination of selection and knit/tuck settings can still
give rise to complex behaviors. The full range of how the switch settings interact
with the two needle selection sets is summarized in Table 13.1.

Setting Outcome

Selection Knit/Tuck High Needle Low Needle

all knit knit knit

all k/t knit tuck

all tuck tuck tuck

high knit knit miss

high k/t knit miss

high tuck tuck miss

none knit miss miss

none k/t miss miss

none tuck miss miss

Table 13.1 Operations from Switch Settings

Because these settings are allocated per bed-direction, a basic two-row-long se‐
quence of operations can be performed without changing settings. For example,
the front bed carriage might have its leftward settings be “knit all” and its righ‐
ward settings be “knit none,” with the back bed set to “knit none” needles left‐
ward and “knit  all”  rightward.  The result  of  this  would be a  tubular  knit,  in
which the knitting proceeds in a spiral,  leftwards on the front bed and right‐
wards on the back, without the knitter needing to change settings between rows.

Lastly,  the machine’s  rack lever changes the alignment between the front and
back beds. At the neutral position, the two beds are aligned with each back bed
needle almost directly across from its corresponding front bed needle, and it can
be adjusted rightward or leftward by three needle-widths in each direction. In
fully automatic machine knitting, the rack alignment is primarily used in con‐

“high”

“low”

Figure 13.3 “High” and “low” needles differ only in the height of the selector tab,
which is the part that protrudes out of the needle bed to be caught by the carriage
cams.

Liminal Workflows / 104



junction with “transfer” operations to move stitches around (as in Figure 4.6). On
a manual knitting machine, transferring is done manually and does not depend
on changes in bed alignment; however, the rack lever enables a unique category
of knitting patterns known as “racked rib.” In these, the rack position is changed
between knitting passes of a fabric formed on both beds per row, as in a “rib” (al‐
ternating front and back knits) or “cardigan” (a lofty fabric in which each row
knits on one bed and tucks on the other). The changes in rack position entangle
the columns of stitches, producing fabrics with puckers, tight zigs-zags, or mean‐
dering waves.

Together, this system is fairly powerful, enabling knitting a variety of structures
such as tubes, ribbing, and cardigan without frequent settings changes on the
part of the knitter. However, it is also highly nonintuitive for a beginner. The po‐
tential for frustrating accidents, such as causing tension problems by tucking or
missing the same needle too many passes in a row, is high, and recovering from
such errors can involve painstakingly picking yarn out of needles and re-starting
the entire knit piece. To make matters worse, the newly-formed stitches hang be‐
tween the two opaque metal beds of a v-bed machine and are thus not even visi‐
ble to the knitter until many rows later. In the case of “racked rib” patterning, the
resulting fabric can be quite complex and difficult to visualize; additionally, this
technique is rare in hand knitting (where there are no “beds”), so it is likely to be
an unfamiliar type of patterning even to users with a hand-knitting background.

13.2. Implementing an Augmented Knitting Machine
My machine augmentations interpret the machine’s settings for the knitter, and
visualize possible results. As an on-machine interface, the system uses the ma‐
chine itself as the input: the system tracks the physical cam and rack settings of
the machine, and uses changes in the carriage position to determine when rows
have been knit. These changes are reflected in a visual display which shows the
current state of the machine (including recently-knit rows which may not be vis‐
ible yet on the actual machine) as well as optional additional modules such as
patterning guidance. I diagram the technical implementation of the system in
Figure 13.4.

Figure 13.4 The system combines hardware and computer vision as input to drive a
machine simulation and other interaction modules.
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13.2.1. Sensing
I chose lightweight methods to capture the machine’s settings at a given time. To
capture the racking position,  I  mounted a simple 3-axis accelerometer (GY-61
ADXL335) to the racking lever at the side of the machine  Figure 13.5, left). To
sense carriage position, I mounted Hall effect sensors at the left and right sides of
the machine to be triggered by magnets attached to the carriage. These sensors
are mounted on rails and are positioned to be just outside the knitting area for a
given task (e.g. for a narrower fabric, they can be brought closer to the center of
the machine). I sense the left and right positions separately to support “leaving
one position but not yet arriving at the other” as an input gesture. I use an Ar‐
duino to debounce these hardware sensor inputs and send change event notifica‐
tions over USB serial.

Because the cam switches are mechanically complex and somewhat numerous, I
decided against hardware sensing for their positions. Instead, I used computer
vision: I mounted two webcams to the bow of the carriage  Figure 13.5, right),
with one each pointed to the front and back carriages Figure 13.7). During system
use, a Processing sketch captures data within calibrated crop areas of the web‐
cams.

Figure 13.5 The system’s hardware modifications to the machine are all removeable
with no damage to the underlying machine. Left: rack lever position is sensed with a
three-axis accelerometer. Right: Hall effect sensors are mounted to the rails that are
intended for use with a mechanical row-counter. Magnets attached near the handles
of the carriage pass over the sensors at the end of each row.
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For image classification, I used TensorFlow.js [1] with a separate model for each
of  the  four  switch sets  (front  leftward and rightward,  and back leftward and
rightward). Each model has ten classes: one for each of nine setting combina‐
tions (as listed in Table 13.1), plus one for “hands visible in the image,” to mini‐
mize updating the switch position display while the knitter is in the middle of
adjusting a switch. I captured approximately 320 images of each switch set posi‐
tion group (e.g. “tuck on all needles, for back bed rightward rows”) using a second
Processing sketch to manage the webcams and organize the data for each class.
During image capture, I stored webcam input slightly outside the calibrated crop
areas so that I could later augment the image data with randomly-chosen sub-
crops at the final image size. This process took approximately a half hour. I man‐
ually sorted out images with hands visible into a separate “hand” class for each
switch set,  then augmented the approximately 250 images remaining in each
other class with randomized crops, blurring, and image contrast to a total of ap‐
proximately 1600 images per knob set. Using a basic Keras model on a personal
computer with an RTX 3070 GPU, I trained a three layer convolutional neural
network with 1.6 million parameters. Training took thirty seconds per model,
and reported 99.32% accuracy when reserving 20% of input images as validation

Figure 13.6 A pair of webcams is mounted to the “bow” that connects the front bed
and back bed carriages. Each camera is positioned to capture the switch positions for
its carriage

Figure 13.7 The views from the webcams. Each camera captures the two dial sets be‐
longing to one side of the carriage.
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data. I did not fine-tune my approach beyond what was suggested in an online
tutorial  [374], suggesting that comparable results do not require particular ma‐
chine learning expertise.

I coordinate these sensors with a server written in Node which accepts the car‐
riage and rack change events from the Arduino as well as image data from the
Processing webcam sketch,  uses Tensorflow.js  to  classify the image data,  and
passes machine state events to the frontend user interface over a websocket.

Machine model13.2.2. 
On the front end, I have modeled the knitting machine state including carriage
position, yarn carriers, bed rack position, and a graph representation of the knit
fabric being formed.

This  underlying machine model  is  compatible  with the Knitout  knitting ma‐
chine operation language spec [232], and I maintain an operation history that can
be “replayed” on any Knitout-compatible computer-controlled knitting machine
(Figure 13.8). This could allow a knitter to design interactively, then use an auto‐
mated knitting machine to create multiple duplicates, or to knit at a different
stitch size. On top of the basic needle-by-needle abstraction of Knitout, I model
the carriage cam settings and needle types (“high” or “low”). Lastly, I maintain
both 1)  committed machine states,  representing operations the knitter has al‐
ready taken, and 2) potential machine states, representing possible futures given
changes in the machine settings.

Figure 13.8 Because I track the machine operations, I can “replay” them on any
Knitout-compatible machine. In this case, I have knit a duplicate scarf on a Shima
Seiki SWG091N2, which has a much smaller stitch size than the Dubied.
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13.2.3. Visualization
My front end system comprises several visualization modules which are written
as interoperable JavaScript classes. (These can also can be used as input devices
themselves—while not part of the main on-machine interface scope of this work,
this capability does allow a user to practice knitting virtually.)

I render carriage, rack, and yarn settings diagrammatically, with textual labels
for the switch settings, Figure 13.9. When the user changes a cam or rack setting
on the physical machine, this view is automatically updated to indicated the cur‐
rent settings. I render the machine as a simplified needle bed, with the needles
aligned  according  to  the  current  rack  position  and  a  symbol  on  each  needle
showing which operation would be applied at that needle if a row were made
with the current settings.

The in-progress knitting is visualized using a mass-spring simulation, with the
back bed yarn connections shaded slightly darker than the front. I abstract the
stitch connections in the fabric into simple nodes and edges, instead of showing a
literal yarn path, for readability. (I chose the mass-spring simulation for its par‐
ticular suitability in showing how columns of stitches deflect in the “racked” pat‐
terning I highlight in Chapter 13.) In this view, the rows that have already been
knit are displayed in a yarn color,  and future row predictions/suggestions are
tinted yellow.

I also created a sequential panel representation of my “pattern rows” notation.
Each panel shows the cam and rack settings, carriage direction, and yarn carrier
needed to reproduce a particular row. When displayed as part of live instruction
set, each panel highlights the changes the knitter would need to make to follow
that instruction.

These machine state and instruction panel views form the visual basis of the pat‐
terning interface modules I describe in Section 13.3.
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Error checking13.2.4. 
Because I model the fabric being formed and its relation to the machine, I can
add error checking for problematic operations. For example, in Figure 13.9, the
interface shows an error that “Needles on back bed would have 3 loops!” Needles
can only hold so many loops, so when additional loops are added by successive
tucking operations without intervening knit operations, the knitter runs a risk of
overloading the needle,  leading to dropped or torn loops.  The machine model
tracks the status of each needle, and can provide warning for certain conditions
in either the committed or projected machine states.

13.3. Interface Modules
Using the machine model and visualizations as component parts, I created three
modules to show opportunities for learning, carrying out specific tasks to create
functional patterns, and working improvisationally on the knitting machine.

Basic Operational Assistance13.3.1. 
First, I created a view that provides an interpretation for the knitter of the inter‐
connected machine settings and their effects on the next rows to be knit. In this
view, the diagram of the cam and rack settings is shown live alongside a simula‐
tion of the existing fabric and a preview of what the next two rows of knitting
would look like with the current settings. The cam settings are labeled with the
name of their position (“all”/“some”/“none” and “knit”/“kt”/“tuck”), and the dia‐
grammatic view of the needles displays the operations as the would occur in the
next pass at the current settings. When the knitter changes a cam or rack setting,

Figure 13.9 A screenshot of my basic machine visualization. On the left, a diagram‐
matic rendering of the carriage shows the machine’s current switch and rack settings.
On the right, a mass-spring simulation shows the fabric that is being formed. The
rows of knitting that are tinted yellow are a projection based on the current machine
settings.



these views update accordingly. The fabric display shows the recent rows that are
still hidden from physical view behind the machine beds. Lastly, this module dis‐
plays error checking messages to warn the knitter about potentially risky opera‐
tions they have performed or would perform. This module therefore collects and
displays information about the recent past,  present,  and potential  near future
states of the machine and fabric, giving the knitter information but not imposing
any particular guidance.

Production Assistance for Function Integration: Pockets13.3.2. 
The second module is intended to help a knitter produce a specific outcome. I fo‐
cused on producing fabrics with two-layer “tubular knit” areas, which could be
used as open pockets or as closed regions to contain other materials, Figure 13.10.
This knitting style requires the user to plan the locations of High and Low nee‐
dles, and to change cam settings at the beginning and end of the pocket section.
If the user wants to knit a pocket which is open on one side of the knit, they will
additionally need to switch cam settings every other row, even within the pocket
section.

The “Pockets” module provides a simple sketch-like interface to plan pocket lo‐
cations, Figure 13.11. During knitting, it shows the knitter’s progress through the
plan and provides row-by-row cam setting guidance.

Figure 13.10 To produce open pockets such as these, the knitter must switch the car‐
riage cam settings every other row, and the rack setting every row. The system helps
the knitter keep track of these.
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In Figure 13.12, I showcase an advantage of manual knitting machines over in‐
dustrial knitting: a greater range of possibilities for integrating additional materi‐
als into the knit. (This would be dangerous and difficult with a high-gauge, fast-
moving, delicate industrial machine.) In particular, items slimmer than the gap
between the beds (6mm at  knit  time,  which can be temporarily  increased to
12mm while knitting is paused) can be embedded in the fabric by designing a
closed pocket and inserting the object just before the end of pocket knitting.

Figure 13.11 The pocket-knitting interface. The left side panel shows the current ma‐
chine settings. The center panel is an editable area in which the knitter lays out pock‐
ets. The right panel contains a scrolling sequence of instructions, with the next in‐
struction magnified. If the knitter needs to change a machine setting, the instruction
panel will highlight the needed changes with orange arrows.

Figure 13.12 The two-layer area of the knit can be fully closed, and items can be em‐
bedded inside by inserting them just before the top row of the pocket area. Unlike in
fully automated knitting, embedded items can be relatively large and fragile. Here, an
LED backlight panel is embedded in a hat.

Creativity Assistance: Paths of Improvisation13.3.3. 
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The third module targets open-ended exploration with a greater depth of com‐
plexity than the first module. Because of the necessary presence of the knitter,
manually-operated machine knitting presents a great opportunity for real-time
creativity. However, the effects of particular cam setting choices can take a few
rows to become clear, and a beginner may not have much basis for understand‐



ing their range of options. With the additional complication that recently-knit
rows aren’t even visible to the knitter yet, the knitter might not have enough in‐
formation to make improvisational choices.

To show how the knitter’s understanding of complex possible outcomes could be
supported, I produced an interface module which generates and simulates a set
of “path options” for the knitter to consider pursuing. Each path generates its in‐
structions using its own sequence generation algorithm, and it is displayed as a
sliding sequence of instruction panels alongside a fabric simulation with the hy‐
pothetical stitches that would be generated by that path highlighted in yellow. As
with the Pockets interface, instruction panels show a live view of which settings
the knitter needs to change to pursue that instruction. As knitting progresses,
the set of path options is updated accordingly.  Paths whose “next step” corre‐
sponded to the action just taken by the knitter are advanced to show the follow‐
ing step; paths which did not include that action are recomputed starting from
the new step.

Figure 13.13 The “Path Options” module shows three possible future outcomes based
on different algorithmic tactics. For each path, a sliding window of instructions is
shown alongside a preview of what the fabric would look like if that path were fol‐
lowed.
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The path options module is written to be flexible and extensible with respect to
which generative algorithms are used. I implemented three:

1. A “racked rib” path generator, which proposes either “rib” or “cardigan”
cam settings (based on similarity to the current settings) and then modu‐
lates  the  per-row suggested rack position according to  a  wave function,
stepping up and down by one rack position per row to hit the full range of
positions.

2. A Markov chain path generator, which derives suggestions based on past
rows the knitter has made (with some initial seeding of basic row types).

3. A “best match” path generator, which attempts to match recent knitting
sequence to one of a list of named fabric types. This list was derived from a
swatchbook assembled by Stoll (a manufacturer of knitting machines), and
it includes stitch patterns like full and half cardigan, full and half milano,
and tubular knitting.

13.4. Improvisation by Novice Users
To gain insight about how my system could support learning and ultimately a
creative practice, I introduced seven new users to the system.

Research questions13.4.1. 
I aimed to study 1) basic usability: whether participants could understand the an‐
notations and use them to reason about machine operation; 2) improvisational
usability: whether the system sufficiently scaffolded real-time decision-making;
and 3) overall participant attitudes toward hand fabrication, computational medi‐
ation, and improvisational practice, both in their own work and as they experi‐
enced these aspects of the system. The first two questions are assessments of my
specific technical system, while the last question relates to the broader possibili‐
ties for augmented manual machines and exploratory use of interactive fabrica‐
tion.

Participants13.4.2. 
To avoid biasing the results on basic usability, I recruited participants with no
machine knitting background, and no or minimal hand-knitting experience. For
safety reasons, and to mitigate novelty effects from interacting with computation‐
al creation overall, I required experience in other computational production sys‐
tems: six had 3D printed and/or laser-cut, and the remaining one has used com‐
putational systems for creative image generation. In order to meet these qualifi‐
cations, and in accordance with covid-related limitations on visitors, I recruited
participants within my department, or family members of department members,
who were not textiles researchers. The participants ranged in age from 20 to ap‐
proximately 40.

Procedure13.4.3. 
For each session: after asking the user to practice moving the carriage, I intro‐
duced the basic “interpretation” view (Figure 13.9) and gave a verbal explanation
of the carriage settings. The user was encouraged to interact with the settings

Liminal Workflows / 114



and knit as many new rows as they liked until they were “ready to learn another
capability,” at which point I introduced the racking lever. The user was given the
option to view a swatch of several “named” patterns (rib, tube, cardigan, half-mi‐
lano, and a mock interlock structure) along with a paper printout of instructions
for how to knit each. Finally,  I  introduced the “suggested paths” view (Figure
13.13) and again encouraged each user to interact for as long as they liked with
the system. In all, users spent approximately an hour each interacting with the
system. After this, I conducted a semi-structured interview with each user, fo‐
cusing on their experience of the system, how it compared to past fabrication ex‐
periences (both computational and manual), and their creative decision-making
throughout their  process.  While the interviews were semi-structured,  I  asked
each participant at least the following questions:

• Please tell me about past creative fabrication experiences you’ve had, espe‐
cially either involving textiles or digitally-mediated fabrication?

• How did this experience compare to those?
• Please tell me about what you made.
• Please tell  me about creative decisions you made during the fabrication

process. (If there was a specific instance that emerged during the “think
aloud” portion of the workshop, I reminded the participant of that.)

• Were you able to explore the possibilities you wanted to explore?
• Given more time, what additional things would you like to try?

I recorded the audio from the interviews, photographs of knit artifacts, and time-
stamped system logs. The system log data includes all user actions perceived by
the system, such as changing a cam or rack setting and moving the carriage.
(Note that this data is messy, because it is not debounced e.g. to remove moments
when the classification system mis-categorized a cam setting—because catego‐
rization is done many times per second and is generally accurate, these only ap‐
pear as brief flickers to a user, but would be recorded as “changes” in the system.)

Figure 13.14 P7’s swatch, showing a progression from row-by-row experiments
through named fabric types, including the racked cardigan which requires per-row
rack changes.

knitting time

tuberow-by-row experimentation mock interlock racked cardigan tube

“suggested paths” interfacebasic “interpretation” interface

Analysis13.4.4. 
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To assess basic usability, I viewed the artifacts (Figure 13.14) and system logs. In
the artifacts, I starting by looking for egregious knitting errors of the type which
my error-checking Subsection 13.2.4 was designed to help avoid. I found that all
participants did successfully avoid these errors. While I did not deliberately in‐
clude a comparison case with error-checking turned off, several of the partici‐
pants discovered another,  comparably predictable common error which I  had
not built checks for. These participants each encountered the same problem mul‐
tiple times, suggesting that it was a difficult problem to avoid without tool assis‐
tance.

I found that users made many more one-off setting changes within the first part
of their knitting, including much more changing of cam/rack settings  without
moving the carriage, to see the effect of these without committing it to the knit.
This implies a process of initially gaining literacy with the system.

To assess improvisational usability and participants attitudes about computation‐
ally-mediated hand fabrication, I analyzed the interviews. I performed a reflexive
thematic analysis  [42] by segmenting the interview transcripts  and producing
first highlights, then initial codes in a spreadsheet, then performing an iterative
bottom-up coding. Because my questions largely centered on the experience of
fabrication, my analysis is constructionist. I organize my observations of partici‐
pant experiences and attitudes into themes in the following subsections.

Scaffolded Learning13.5. 
The participants were novices to both knitting in general and machine knitting
in particular. Most participants described their learning as initially undirected,
and they expressed that the system made it possible to manipulate the machine
without needing to first form a complete understanding of its operation. Indeed,
participants described being able to operate the machine before understanding
much at all: “This isn’t something I’d typically do and it’s nice to have something
like this where I can just kind of jump in and I am very confused about a lot of
things but eventually I will pick it up. With the help of the computer […] I get a
more intuitive sense as to what is happening under the surface as opposed to
needing to be explained every little part of what’s happening.” (P6)

Similarly, P3 mentioned an initial period of knitting to get accustomed to the ma‐
chine, before branching out: “It took me a little bit to get comfortable just going
back and forth, but once I started being able to see what was happening, it was
like, ‘Oh, I can change stuff up.’”

Depending on their goals, a knitter might find these modules to have too low of a
learning ceiling. P2, who was mostly interested in gaining and refining a mental
model of how the machine worked, expressed concern that they might not truly
be learning and summarized their interaction with the Paths module as “Well,
I’m kind of just following instructions.” (I discuss this possible negative outcome
in Subsection 13.8.3.)

However, other participants balanced their priorities between gaining a deeper
understanding and generating an interesting artifact (in P1’s words: “I don’t real‐
ly like to feel like I’m making garbage’”). P6 enjoyed the system because “it was
nice to see that I could put something together relatively easily and have some
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sort of guidance […] and actually make something that looks like it was designed
with purpose and intention,” implicitly regardless of whether it was their  own
purpose and intention.

Interaction with Hybrid Processes13.6. 
Participants touched on feelings of “stress” (P1), “confidence” (P1, P7), “trust” (P1,
P2, P6), and “self-reliance” (P6) to describe how they viewed their relationship to
the system over the course of their session. P1 described the interpretation assis‐
tance as a kind of “re-assurance” and an “encouragement.”

In relation to how they thought of fully-automatic systems, they remarked on the
relative power and also responsibility of hybrid interactive systems. Despite the
usual premise that fully-automated systems aim to be reliable and predictable,
every  participant  with  computational  fabrication  experience  mentioned  that,
when a problem does occasionally arise, the user typically doesn’t know until af‐
ter it occurs. P2 compared using a fully automatic machine to “the handoff that
happens [when you] give a plan or geometry to a secondary fabricator and trust
that happens.” P6 gave a longer explanation that was also suggested by P1, P2,
P3, and P7: "Since I’m physically at the system the whole time, working with it
in this hybrid approach, it’s much easier to avoid any issues that might come up.
With a 3d printer, with a lot of automated fabrication, there’s a kind of expecta‐
tion that, well it’s automated for a reason; I don’t need to necessarily watch too
much, within reason. […]That is not always the case. Even printers that are in‐
dustry standard sometimes can just have wild things happen to them. Things
can go wrong and that is definitely something that is not likely going to happen
with this hybrid approach. One, because it’s telling me where things might go
wrong, and two because I am constantly there at the machine […] For example if
I’m pulling the machine across and I feel all the resistance building up that’s a
pretty good indication that something is going wrong and I should be careful."

The benefits and drawbacks of interactivity were summarized by P4: “If I just
give something to a printer, the output is predictable all the time. But the thing is,
if I play with something like this, I have the control. […] So I have the rights to
make a mistake as well […] If I play something with my hands, putting more ef‐
fort on it, I feel like I did something really by myself.”

13.7. Embodied Knowledge in Manual Machine Processes
In addition to the complex interpretive expertise of understanding the machine’s
settings and operations, a manual machine knitter must learn the haptic and au‐
ditory cues of successful operation. Each participant remarked on gaining this
knowledge over the course of the session. For example, from P6: “Knowing how
hard to push—I would say it definitely faded back into my subconscious by the
end.” And from P2: “even if you’re following [the guided improvisation module],
at the start there is a lot of experiencing the difficulty in the the haptics and un‐
derstanding what feels right, and not, and the sort of rhythm you get into with
switching the gear. Even if you’re not thinking about all those switches, you’re
building that physical memory of the interaction with the machine how every‐
thing should feel and sound.”
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This embodied experience of using the manual machine was generally seen as a
positive. In comparison to the fully automatic process of using a 3D printer, P6
said “Assuming in a perfect world that your [3D printer] is going to work well,
you can just walk away from it and come back later once it’s done. But [having to
physically operate the machine] isn’t always necessarily a bad thing in my mind.
[...] I think there is an aspect to it, sometimes you just really want to zone in on
one thing and make sure you’re doing that one thing really well.”

All participants at some point in their conversation made a full-body “moving
the  carriage  with  both  arms”  motion,  and  P5  did  so  with  an  onomatopoetic
“shunk” sound as well. P3 made the gesture while saying “I was having fun with
the process once I got more of a handle on it,” and later summarized the experi‐
ence with “there’s a lot of satisfaction to it.”

The hands-on aspect of the process also prompted feelings of pride, or owner‐
ship. P6 was very enthusiastic about the aspect of handcraft in the system: “I
think  that  there  is  something  really  really  special  about  being  able  to  make
something… I say ‘by hand’—I’m putting some giant air quotes around that be‐
cause it’s using the machine—but, you know, something that you crafted your‐
self.”

13.8. Discussion

On-Machine Interaction for Experiential Fabrication13.8.1. 
I  proposed  that  on-machine  interaction  is  especially  suitable  for  contexts  in
which a “hands on” experience is desirable. In the non-automated context of this
work, the hands-on labor is not optional; however, this does not necessarily make
it less desirable. Participants connected hands-on production to ideas of labor as
a locus of value, for example suggesting that they might make nice gifts for loved
ones (P2, P6). Additionally, participants, as well as the authors of this work and
anecdotally numerous lab visitors, have found the physical sensation of manual
machine-knitting  delightful.  The  auditory  and  haptic  cues,  along  with  the
smoothly repetitive motion and feelings of control over a complex mechanism,
add up to a uniquely satisfying experience.

In building this system, I made several deliberate choices focused on maintain‐
ing an on-machine experience. I used the machine itself as the only input—the
front-end interfaces could be used with mouse clicks, for debugging or for ex‐
plaining machine operation to someone without their own machine, but I typi‐
cally deployed the system without either keyboard or mouse visible. I arranged
the computer screen physically very close to the bed, to allow quick glances be‐
tween the two. The distance could be closed entirely with either projected im‐
agery, or with an Augmented Reality headset.

Augmentation as a Way to Leverage Existing Machines13.8.2. 
Participants also mentioned that the system allowed them to find value in a ma‐
chine that they may not have otherwise interacted with, either because it was in‐
timidating or because, as practitioners of computational fabrication, they found
the idea of purely mechanical machines boring. While I do not share this latter
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opinion and am not of the belief that my system inherently “elevates” the knit‐
ting machine, I do see this as evidence that the system broadens access, bringing
new attention to a mature and fascinating fabrication machine. Augmentation
does not need to destroy or subjugate the underlying machine. I chose entirely
reversible hardware interventions, and designed my modular software systems
to offer flexible amounts of support.

Overreliance on Computational Guidance13.8.3. 
A drawback of computational tools is that they can “water down” or de-skill pro‐
duction processes: if a user is simply enacting system instructions, they lose cre‐
ative agency. This concern has become particularly topical as increasing use of
machine learning techniques in creativity support has spurred a new wave of
discourse on the relative roles of creators and computational systems.

Because I view machine augmentation as a possible way to scaffold learning, the
idea that a creator could over-rely on a computational system to the detriment of
developing their own intuition is concerning. Indeed, one participant mentioned
exactly  this  concern.  (See  Section  13.5.)  While  each  participant’s  engagement
with the system was too brief to produce deep expertise, I did observe that partic‐
ipants did not rely uniformly on each computational aspect of the system. The
did lean heavily on basic usability assistance like error checking, which was ex‐
plained by their fear of breaking the system (P2, P4, P6, P7). However, they fol‐
lowed higher-level suggestions (in the “Paths” interface) much less strictly. This
implies that they were able to view these appropriately as suggestions,  which
they had more agency to reject.

13.9. Future Work
I discussed two research areas this work contributes to: on-machine interfaces
and augmenting existing machines. The challenge of doing these simultaneously
is that the system must be adaptable to a specific, possibly vintage or otherwise
non-normative machine. In the case of the system documented in this work, as I
stated in  Subsection 13.1.1,  the underlying Dubied knitting machine I  used is
very typical of industrial-style v-bed knitting machines; while some have a dif‐
ferent number of needle types and/or a subset of these cam settings, my machine
model  (Subsection  13.2.2)  can  be  easily  configured  to  these  differences.  Con‐
sumer single-bed machines typically have a different style of needle selection,
but my model could be extended to cover this as well. A trickier proposition is
adapting the hardware, such as the camera mount which attaches to the mount‐
ing hole intended for an auto yarn-changing mechanism—while this is likely to
be standard for Dubied machines of a similar era and onward, it is much less
likely to be immediately portable to another brand. Similar situations exist in
many other manual fabrication machines, such as machine shop tools, kitchen
appliances, and sewing machines: while the basic mechanism of a given type of
machine are well-established, the specific form of the tool may vary widely. To
solve this problem, future work in this area could draw on research in “upcy‐
cling” [408] and adaptability [419] to generalize how disparate machines can best
be outfitted with various categories of sensing.
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I see this concrete technical system, and my discussion of my domain-aware im‐
plementation decisions, as a critical step toward broadly accessible real-time fab‐
rication for creativity and education. I additionally hope this work can inspire
the digital  fabrication community to  revisit  the vast  breadth of  not-currently-
computational fabrication equipment to support fabrication—whether automat‐
ed, manual, or novel hybrids—in a wide variety of domains.

13.10. Summary
This chapter described a lightweight approach to equipping an existing mechani‐
cal fabrication machine with sensing and visualization to increase the operator’s
access to understanding the recent past, current, and potential future states of
the machine.

My exploration of the domain space was especially driven by the particular soft
structure patterning capabilities of this kind of machine knitting, including hy‐
brid inclusions such as e-textile systems and complexly textured fabrics, as well
as the malleable context of personal and reflective fabrication. “Lightweight aug‐
mentation” is a soft technology: “augmentation” must be flexible enough to inter‐
face with an existing condition, and “lightweight” invites future modification.
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14. Finding a Grain in Brioche Knitting
The  computationally-augmented  manual  machine  knitting  I  described  in  the
previous chapter was quite constrained by the affordances of the underlying ma‐
chine;  in particular,  the machine I used could only differentiate amongst two
types of needles which had to be arranged in advance, and, without heavy manu‐
al intervention, could not produce the loop mergings and re-arrangements de‐
scribed in  Chapter 4. That machine also had advantages, such as its relatively
large loop size, which made intricate patterning more visible even with a single
yarn color, and its support for temporarily moving the beds apart to insert other
materials. The result of these constraints and advantages is an emergent set of
recognizable styles of knitting that helped guide my development of both the sys‐
tem infrastructure and the demonstration modules.

A fully-automated industrial knitting machine, like the Jacquard looms I dis‐
cussed in  Chapter  10,  has  a  creative  possibility  space  that  is  ambifortunately
much less constrained. In this chapter, I use the metaphor of a material’s grain to
underpin a specific approach to building tools for such domains.

14.1. Grain
The ability to create expressively in a given medium often involves gaining intu‐
ition about that medium’s grain. By analogy to woodworking, in which the term
refers to the anisotropic arrangements of fibers in wood, “grain” describes the
cascading tendencies and opportunities emerging from intrinsic material prop‐
erties  throughout  a  fabrication process.  Cutting or  carving a  piece  of  lumber
“with the grain” requires different techniques than working “against” it, and the
visual  characteristics  of  woodgrain  often  influence  the  design  of  an  overall
project.
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While grain arises from the low-level physical characteristics of a material, cre‐
ators often manipulate it as an abstraction. For example, watercolor painting is
rooted in a complex blend of rheology, pigment dispersal, and absorption dynam‐
ics, but a skilled painter may tacitly understand these in terms of effects like wet-
on-wet color mingling [27]. Similarly, textile designers may refer to the “hand” of
a fabric in determining its suitability for an application–a “crisp” fabric might
pleat well, or a “clingy” one may conform to curves–as a subjective assessment
incorporating flexural rigidity, friction, stiffness and softness [144, 414]. To sum‐
marize:  a medium’s grain comprises the tendencies and opportunities, which
emerge from its aggregate low-level properties,  but which are conceptualized
abstractly by skilled creators.

In other words, an expert can pursue high-level goals by using mid-level compos‐
ite  abstractions  to  assess  and  manipulate  low-level  material  effects.  Working
with such abstractions might be thought of as “artisanal intuition.” (Indeed, sub‐
tle grain effects may be perceived as synonymous with “hand craft,” as they are
often discarded for simplicity in industrial production  [310].) Hobbyist creators
may look to kits and tutorials to explore unfamiliar media; professional creators
may be guided by existing experts in a formal or informal apprenticeship [226].
However, it is less clear how to support finding a grain in a less-established medi‐
um. In HCI, the rise of digital fabrication has supported a wave of material in‐
ventiveness by managing complexities that would be unworkable in fully analog
processes [54, 194, 381]. Low-level details such as cutting or extrusion speeds can
have aggregate effects at the scale of an entire object. For example, deliberately
over-extruding material in a 3D printing process can result in filligree-like curls
of filament  [204] or extended petal-like loops  [296]; under-extrusion might pro‐
duce a flexible, porous surface  [95] or tunable micro-fibers  [282].  These effects
can be faithfully orchestrated by digital systems, which enable both the precision
needed for thousands of repetitions and the flexibility for one-offs.

14.2. Grain Spaces
Unfortunately, high-level tools such as slicers for 3D printing typically optimize
for conformity–aiming to replicate an implicitly grainless digital representation
as accurately as possible–or fabrication-time efficiency, and thus often diminish
or obfuscate the range of unique material possibilities. Creators who wish to in‐
terrogate this range for technical or expressive purposes must often work direct‐
ly in a low level, such as raw or lightly-parameterized G-code. When these sys‐
tems  solely  parameterize  aspects  of  the  machine  process  (e.g. temperature  or
feed rate), the relationship between these parameters and the eventual material
output can be difficult to understand. Users of these tools have few opportunities
to explore and build their intuitions, and the range of possibilities within even a
simple digital fabrication process can be under-constrained and difficult to make
sense of.

I propose an approach to building tools for expressive material intuition via a
grain space. I define a grain space as a specified set of material affordances, en‐
capsulated as  a  high-level  manipulable  notation,  alongside a  way to  compile
from this notation into low-level fabrication steps: a “way to think about” possi‐
ble outcomes within the medium, coupled with a “way to do it.” As a kind of a
style of production—a set of associated aesthetic guidelines and boundaries—a
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grain space does not enable every possible material outcome from the broader
fabrication method; rather, it  delineates an area for exploration. Once curated
and defined, a grain space forms a basis for reasoning about the design and im‐
plementation of tools for manipulating material effects.

14.2.1. Chapter Overview
This chapter demonstrates the grain space approach through the design and im‐
plementation  of  technical  system  for  machine-knitting  in  a  style  known  as
“brioche.” In machine knitting, the “low level” is a precise three-dimensional ar‐
rangement of yarn loops resulting from loop-by-loop instructions for a computa‐
tional knitting machine; within this broad domain of possibility, the higher-level
style of brioche knitting produces a a two-color fabric with a springy feel and an
all-over visual texture of branching and merging. I chose brioche as an exemplar
grain space because it can support complexly emergent outcomes with a simple
yet evocative structural grammar (described in Subsection 14.3.1), and because it
is an material which is not well-represented in simple mesh or pixel grid nota‐
tions (see Section 12.1 and Figure 14.1).

I used my defined grain space as a design impetus to generate varying conceptu‐
alizations of brioche knitting—as a field of directional switches, as vector gradi‐
ents, and as flow lines—and encapsulated these in a suite of exploratory creativi‐
ty tools which are situated in the physical world to encourage immediate engage‐
ment and the potential for unique or messy inputs: doodling, curating, or com‐
posing nearby real-world objects as a way of interacting with the design space.

This chapter describes how I defined and encoded a brioche grain space into a
modular processing framework with a knitting-specific computational backend,
visualization and manipulation capabilities for my brioche data interchange for‐
mat, and example input modalities. Finally, I reflect on the role of such tools in
creative practice through observation and conversation with users of two of my
tools.

Figure 14.1 a) Typical hand-knitting chart for two-color brioche. b) My notation for
the same swatch as in (a).

(a) (b)
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Figure 14.2 The structure of two-color brioche knitting as formed on a v-bed knitting
machine. Each of the two yarns forms the knit loops of one face of the fabric and joins
with tucks to the other face; in this case, the back face is shown in purple yarn.
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14.3. Brioche Knitting
In  addition  to  referring  to  a  delicious  egg-enriched  bread  bun,  “brioche”  is  a
hand-knitting term for what machine-knitters would call a “full cardigan” loop
structure  [227].  (I  use the “brioche” term in this  document to avoid confusion
with  the  garment  called  a  “cardigan,”  and  because  the  name  is  charmingly
evocative of the fluffy softness of the structure.)

The basic brioche structure consists of two conjoined faces of fabric. As shown in
Figure 14.2, machine-knit brioche can be formed on a a two-bed (“v-bed”) weft
knitting machine with each face on its own bed. The yarn passes alternate be‐
tween these two faces, knitting on this pass’s primary face and tucking on the
other. Because each yarn zig-zags between the beds, the distance between stitch‐
es is further and each face is somewhat loose and fluffy, giving an overall lofty
hand to the fabric. Many knitters choose to knit the two faces in contrasting yarn
colors (“two-color brioche”) [228], resulting in faces with a clear “foreground” and
“background” color each.
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14.3.1. A Grammar of Brioche Knitting

Figure 14.3 Six elementary “brioche operations.”

[0] [1] [0, 1] [-1, 0][-1] [-1, 1]

With the basic brioche structure as a basis,  stitches in the foreground can be
shifted,  merged,  split,  and  transposed.  In  this  work,  I  consider  six  atomic
“brioche operations,” shown in Figure 14.3 above:

1. a default stitch ( [0] ), which goes straight up (is consumed in the same col‐
umn as it was knit)

2. a “rightward” stitch ( [1] ), which merges to the right
3. a “leftward” stitch ( [-1] ), which merges to the left
4. a  “split  rightward”  stitch  ( [0,1] ),  which  splits  in  two;  one  stitch  goes

straight up and the other goes to the right
5. a “split leftward” stitch ( [-1,0] ), which splits in two; one stitch goes to the

left and the other goes straight up
6. a “split both ways” stitch ( [-1,1] ), which splits in two; one stitch goes to

the left and the other goes to the right

In aggregate, this simplified stitch vocabulary can give rise to many complex vis‐
ual outcomes: the “grain” of brioche knitting. In two-color brioche, these manipu‐
lations are visually emphasized as a distinct figure and ground, such as in the
“leafy” patterns that are popular amongst hand-knitters [229]: at positions where
gaps are produced in the front face,  the back face is exposed, creating both a
change in visible color and in the physical feel of the material.

Representation14.3.2. 
My representation encodes “brioche knitting” in two dimensions, which I sup‐
port with automated compilation to sequential machine operations. Within my
system, brioche format is represented in code as a 2D array of my stitch types,
and it is visually represented in one of two ways:

1. Diagram, with simple lines standing in for
loop directions. Stitches other than the default
( [0] ) may optionally be highlighted with col‐
ors indicating their direction and split, as I
have done throughout this chapter.

1. Loop view, in which the fabric is represented
as a 3D model which can be rotated and
zoomed. This model does not have any
physics-based simulation applied; however, it
shows the color contrast effects of displacing
front-bed loops.



Liminal Workflows / 126

14.4. System and Physical Inputs
As an exemplar of a tool for exploring a grain space, my system transforms easy-
to-use  input  media  extracted  from  the  designer’s  physical  context,  including
found snapshots and tactile manipulation, into instructions for fabrication on a
knitting machine. The grain space of brioche bridges between the user’s manipu‐
lations and the low-level machine instruction outputs, and provides inspiration
for specific input modalities.

I implemented this system as a set of interoperable modules, Figure 14.4:

1. input modalities which translate physically-situated inputs into my brioche
format. Out of a vast space of possibilities, I created three input modules
(described in detail in the following sections) to show a range of possibili‐
ties for immediate, impromptu, or experimental texture manipulation.

2. tools for viewing and manipulating a brioche structure. These include a
simple visualizer which displays the resulting loop structure, either as a
3D model or as an abstracted diagram, as well as utilities for repeating a
pattern,  joining  it  it  with  other  patterns,  compositing  it  with  short-row
shaping, and applying image filter-like effects

3. a compiler from brioche format to Knitout code [232], which directly repre‐
sents the low-level instructions for driving an industrial knitting machine

To best  support  physically  situated creativity,  each of  the  above is  written in
client-side JavaScript, enabling them to run straightforwardly in the browser on
mobile devices. For input, I use the JavaScript (Emscripten) version of OpenCV
[40] with  either  the  device  camera  or  stored  images.  The  3D  visualizer  uses
ThreeJS [250]. A backend server, also written in JavaScript (Node.js) links these
modules by collecting, storing, and transmitting brioche-format data over web‐
sockets.

All swatches in this chapter were knit on our Shima Seiki SWG091N2 15g knit‐
ting machine at half gauge [233] using Tamm Petit, a 2/30 Nm acrylic yarn.

Figure 14.4 Methods of viewing and manipulating brioche patterns (visualizing,
compositing, and compiling) form a grain space that mediates between broad physi‐
cal inputs and specifc fabric output.
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14.4.1. Tangible Instrument
To support relatively fine-grained manipulation within the brioche grain space, I
constructed a physical “brioche instrument” representing twelve rows and twelve
columns of brioche knitting, Figure 14.5.

I borrow the term “instrument” in this context from Kreminksy  [184], building
on  Wardrip-Fruin  [401],  who  use  this  term  to  refer  to  systems  which  offer  a
“noodling around” experience within a computational design space. “Noodling”
is  a  form  of  early-stage  material  exploration  [52] in  either  physical  or  digital
worlds [401]; an instrument supports this experience by being less score-oriented
than a game, more directed than a toy, and by contributing its own “voice,” or, in
the language of fabrication, its own grain.

In my brioche instrument, each grid operation is represented by a directional
pointer knob with a haptic detent for each of its three valid positions, indicating
the three single-loop (no split) operations. The pegboard therefore allows direct
manipulation of the smallest “atom” of my design space, while abstracting the
sub-atomic details such as the bilayer structure of the knit and the necessary ma‐
chine-level instructions required to produce the represented knitting.

The pegboard input device is inexpensive and portable. The pointers and shafts
were printed on a low-end filament deposition printer, and the base board was
laser-cut to accept them. I use computer vision to read the board’s state by: de‐
tecting the corners of the board; applying perspective rectification; and, for each
knob, comparing the average pixel brightness in each of the three locations the
knob could be in, Figure 14.5. Because this method uses relative brightness and
the detents in the knobs provided a low number of possible positions, I found this
simple method robust.

Figure 14.5 A physical brioche “instrument” allows hands-on pattern exploration at
the stitch level. a) The system’s image processing runs in-browser on a mobile phone,
allowing it to be quite portable. b) Each “peg” is 3D printed in two pieces, which snap
in to laser-cut holes in the board. The dials have three detents—center, left, and right
—enforced by printed-in compliant leaf springs. c) The overall board. d) Computer
vision perspective rectification. e) The derived brioche pattern. f) The result.

(a) (b) (c) (d) (e) (f)
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I used this system to design a short “filmstrip” intended to be photographed and
displayed as an animation, Figure 14.6.

To support an impromptu bricolage-like approach, I built an image processing
pipeline to automatically generate a texture “suggested” by the input image, Fig‐
ure 14.8. One goal of this work was to push beyond “pixel art” representations of
knitting, which do not fully capture the characteristics of many styles of knitting
beyond “colorwork.” I observe that the distinctive visual element of my brioche
grain space is the diagonal edges formed from stitches leaning into neighboring
columns, so I focused on image processing options which highlight these.

I created a pipeline which offers the following processing steps (Figure 14.7), in‐
cluding several which may be toggled or modified to modify the output:

1. (Optional) Apply a Gaussian blur
2. (Optional) Apply Canny edge detection [48]
3. (Optional)  Isolate straighter edges with a probabilistic Hough line trans‐

form [181]
4. Detect image gradients using Sobel operator [358]
5. Downsample the matrix of gradients to the desired swatch dimensions (in

loops)
6. Bucket  the  gradient  directions  into  leftward-leaning,  rightward-leaning,

vertical, or horizontal (represented by a both-ways split)
7. (Optional) Apply replacement rules for modifying knittability or aesthetics,

as described in Section 14.5

Figure 14.6 Twenty panels of a “knit animation” designed with the instrument.
These were knit as a continuous filmstrip scarf.

Photographic Snapshots14.4.2. 

Figure 14.7 A pipeline for generating brioche patterns with images as input. a) An
input image. b) Gradients derived via Sobel operator. c) Brioche pattern. d) “Loop
view” visualization. e) The resulting knit fabric.

(a) (b) (c) (d) (e)
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I  found  that,  by  supporting  simple,  mobile
image  collection,  possible  texture  elements
could initially  be captured without  specific
regard  to  the  eventual  knitted  output,  as
high-level exploratory inputs. By immediate‐
ly  converting  these  to  a  diagrammatic  or
simplified  loop  view,  the  system  allows  its
users  to  develop  their  own  taste  of  what
“works” as an interactive process of curation,
or bricolage.

Figure 14.8 I used a mobile phone to collect images in my homes and outdoors for
photo-inspired texture swatches.

Figure 14.9 A screenshot of the
“Snapshots” interface on a mobile
tablet.
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The line-dominant character of brioche suggested a third input module which
begins with the same high-level form of found or curated image input, but which
performs a further computational manipulation on it–in this case an interactive
2D lattice-Boltzmann fluid simulation [342] using the contours of the image (ex‐
tracted with OpenCV) as solid barriers, Figure 14.10.

The designer can stir the simulated fluid and choose when to pause the simula‐
tion. A tablet provides ample screen space to see and interact with the simula‐
tion, while retaining the mobility needed for a physically situated interface.

While this module is superficially similar to the previous one in accepting found
images as high-level input and ultimately deriving the brioche pattern from a
vector field, I found several key differences in the design spaces afforded by each:

Compared to the straightforward image gradient pipeline, which highlighted all-
over texture and amplified within-figure tonal variation, the fluid simulation pri‐
marily operates on visually distinct outlines, encouraging figure/ground “mass‐
ing.” I found that simpler or more abstract inputs, such as the yarn and paper
cut-out above, made the fluid simulation overlay clearer to understand and corre‐
spondingly more enjoyable to manipulate.

This difference in input has a corresponding effect on the interaction experience:
where the “Snapshots” interface encouraged a collection and curation approach,
the fluid simulation interface rewarded intervention and creating specific com‐
positions.

Fluid Simulation14.4.3. 

Figure 14.10 The simulated fluid can be “stirred” interactively as it interacts with the
edges in the image.
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Figure 14.11 Two knit swatches generated with my fluid simulation interface, shown
with the input image, fluid flow lines, and resulting brioche pattern.

As an input device, this module is literally chaotic–because the simulation is in‐
teractive, it’s difficult to get the same swatch twice even with the same image and
parameters. I consider this derivation of a knitting pattern from an abstract phys‐
ical simulation a provocative demonstration of computation as a flexibly creative
medium.

14.5. Manipulation in Brioche Space
The medium-level brioche format supports simple manipulations such as join‐
ing,  compositing,  and performing procedural transformations for aesthetics or
knittability.

Joining and Compositing14.5.1. 
I found my brioche format highly suitable for array-level manipulations such as
joining patterns (as in the filmstrip shown in Subsection 14.4.1), repeating a pat‐
tern length- or width-wise, and overlaying a pattern onto a simple shaping tem‐
plate. For the last, I expanded the brioche vocabulary to include an [“x”]  oper‐
ator, which represents a grid cell which is skipped in this row. This allows the
use  of  “short-row  shaping,”  which  can  produce  non-flat  knit  sheets  [15].  As
shown in Figure 14.12, I produced a simple hat requiring just one seam by com‐
positing a short-row “template” with the output from my fluid simulator, then ap‐
plying a vertical repeat to the output. In this case, “composition” could be defined
quite simply: each grid cell in the output is a copy of the corresponding cell in the
design, except where an [“x”]  in the template overrides it. In practice, I found
that  knittability  was improved if  patterns avoided merging a  stitch “into”  the
skipped area, so any stitches whose lean direction collided with a skipped cell
were modified as well.
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Just as the fluid simulation perturbs the input data in uniquely computational
ways, the brioche format itself can be altered in ways that are reminiscent of im‐
age filters, while respecting the affordances of the brioche medium.

For example, as shown in  Figure 14.13(a), rows of the brioche pattern might be
slid left or right with a parametric frequency and amplitude, similar to how a
“scan line” filter might distort the pixels in an image; in (b), the lines are offset by
a parameterized sine wave.

To go beyond pixel-like manipulations and include the unique nature of brioche,
this sliding might additionally “skew” each stitch, (c): to “skew rightward,” [-1]
might become [0] , and [0]  might become [1] . When increasingly large re‐
gions are skewed in this way, (d), the result verges on a shift between figure and
ground, unique to brioche textures. Another naturally “brioche” filter to apply is
inversion: rightward- and leftward-lean are swapped, (e).

All  of  these  style-respecting  filters  are  inspired  by  the  data  structure  of  the
brioche format itself, and the simple logic operations that can be performed on it.

Figure 14.12 A brioche pattern can be composited with another. Here, a pattern de‐
rived from the fluid simulation interface is overlaid onto a template which provides
overall shaping. Because the final knit is a curved surface, it can easily be sewn into a
hat.
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Figure 14.13 “Glitch”-like manipulations of brioche patterns.



As in  Subsection 14.5.1,  “Joining and Compositing,” such logics might also in‐
clude custom types of composition such as adding or subtracting different stitch
types.

Replacement Rules14.5.3. 
An optional component in my system can apply authored operation replacement
rules to act directly on the intermediate brioche representation, similar to regu‐
lar expressions. Such rules can support various improvements in the final knit
results; I implemented one each for aesthetic and knittability robustness purpos‐
es.

The first,  Figure 14.14, allows the designer to choose to add the split versions of
leaning loops at the boundaries between leaning and non-leaning loops. This re‐
duces the directional asymmetry between merging vs. splitting columns.

[1]  stitches with [0,1]  at the boundary between a lean‐
ing area and a non-leaning area, for aesthetic effect.

The second,  Figure 14.15,  replaces patches of  stitches which are known to be
fragile to knit. For example, two-way split stitches (type  [-1,1]  in my gram‐
mar) can put extra strain on the yarn of the loops in the split, which, depending
on the tear strength of the yarn, can potentially cause a yarn break. This effect is
compounded  with  several  contiguous  splits.  My  replacement  rules  break  up
these contiguous patches for more reliable knitting across a range of yarn types.

Figure 14.14 Replacing 

Figure 14.15 Removing some [1,-1]  stitches in an area where there are many of
them, to improve robustness of the knit result.
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14.6. Grain Spaces for Novice Creators: User Study
To study how my system can support open-ended and early-stage creativity,  I
conducted a study with six individual participants.

In each session, the participant was shown swatches of brioche knitting and in‐
troduced to the Snapshots and Fluid Simulation interfaces,  then instructed to
use either interface for as long as they liked with the goal of ultimately choosing
a single swatch design to knit and keep. Participants were told to “submit” (up‐
load to the server) any interesting results as they generated them. When the par‐
ticipant was satisfied with their result (which took between twenty minutes and
an hour), I held a semi-structured discussion with them. In each discussion, I
opened by asking the participant to describe their submitted results, any memo‐
rable moments from their interactions with the tools,  and which pattern they
would like to knit. Then, while their pattern was being knit, I transitioned to a
broader discussion of  their  relationship to  design and creativity tools  in their
own analog and digital practice.

As a prerequisite to the study, all of the participants had some experience with
designing patterns in a textile handcraft, including embroidery and weaving, Ta‐
ble 14.1. Four participants specifically had some experience with knitting, with
one  (P4)  being  a  fairly  advanced  hand-knitter  with  experience  hand-knitting
brioche patterns (but not with designing their own brioche patterns). I included
this selection criterion to study brioche pattern design as proximally unfamiliar
(as opposed to wildly so), and to allow closer analogies to each participant’s own
creative practice in the open discussion portion of each session.

p domain experience

P1 professional sewist, hobbyist cross-stitch embroiderer

P2 professional designer, hobbyist mixed media

P3 previously professional designer, hobbyist crocheter

P4 intermediate-advanced knitter, weaver, embroiderer, quilter

P5 professional photographer, hobbyist freeform embroiderer/quilter

P6 expert weaver/spinner, hobbyist knitter

Table 14.1 Participants

Participants mostly used their own mobile devices, with one exception preferring
to borrow a tablet to use the Fluid Simulation interface, and another borrowing a
phone because of low battery on their own. Several participants were therefore
able to use images they had taken prior to their session. One participant addition‐
ally chose to use some images downloaded from the Internet during their ses‐
sion.
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Figure 14.16 Resulting knits from each participant.

P1 P2 P3 P4 P5 P6

Control, Tool Collaboration, and Pushing Bounds14.6.1. 
I position a grain space as something to be explored, not something which will
necessarily directly enact a pre-decided outcome. Indeed,  a creator will  likely
have a difficult time with either the Snapshots or Fluid Simulation tool if they
have a very specific outcome in mind; because these both provide a limited set of
specific  mappings  from image gradients  to  pattern output,  they might  be  de‐
scribed as “opinionated” tools, or ones which do not offer the user a high degree
of control.

I  noticed a range of  participant reactions to this exploratory rather than con‐
trolled mode of creativity. One participant, P3, began their session with a highly
specific vision of a desired result, which may not have been possible within the
bounds of brioche knitting; they tried the widest range of tactics to steer the sys‐
tem, including submitting images downloaded from the internet and taking pic‐
tures of whiteboard doodles. In discussing their work, they contrasted this expe‐
rience with the “one to one matching” that they had come to expect, in their hob‐
by crochet practice, between the photo provided with a pre-designed crochet pat‐
tern and that pattern’s output. P3 described their session with the brioche tools
as an arc from frustration, through compromise, to eventually “coming to meld
with the material.” P3 positioned creativity support tools in general as something
to “fight”; however, when asked about digital tools that they enjoyed using, they
mentioned highly-constrained tools such as social media image filters and Can‐
va[49], an in-browser editor that emphasizes pre-designed templates. Because of
their background doing communication design work, P3 felt overfamiliar with
low-level graphic design (choosing fonts and color schemes “was a lot of work
and I just don’t want to go through that again”), so they appreciated that, in Can‐
va,  “the harder decisions have already been made.  [...]  Thank you,  Canva!”  In
comparison,  P3’s  underfamiliarity  with the brioche pattern space meant  that
they didn’t have a basis for what to expect, or whether the tools were “working.”



Conversely,  several  participants  cited  experiential  connections  to  how  they
would  deliberately  cede  control  in  their  own  typical  creative  practice.  This
ranged from an overarching discussion of the roles of agency and collaboration
in tool-use to P2’s  specific principled rejection of  fully-controlled processes in
their professional creative practice: “If I plan something—if I have something in
my head and I just execute it—it’s usually not that good. [...] I don’t find it that in‐
teresting because the process is quite linear and there’s no surprise [... I]t’s often
even boring.” For P4, “working with this definitely feels like I’m collaborating
with the software. Like I’m picking things but it’s also making decisions for me.”
P5 used a similar metaphor of collaboration in describing much of their own
practice, saying that “for most things I do I fall on the end of ‘I kind of know
vaguely which way I’m going but I let the tool have a big say in where I end
up.’’[...] I feel like I’m still the one making the decision but I want I want to know
the boundaries of where the tool ends up putting me.” To begin to understand
these boundaries within the brioche system, P5 performed several bound-testing
experiments: first, “when you give me a bunch of sliders [...] I just push every‐
thing to one side and I push everything to the other side”; then, “how closely can
I make the thing look like the thing?” and “how far away can I get when like the
final product is going to be stitching and the original thing was also stitching?”
These exploratory tests were a common pattern across participants: “How organ‐
ic can I make this?” (P1), “seeing both how obscured I can make it but also how
almost-true-to-form I can make it as well” (P1), “I was just interested [to] see how
granular of a structure, or what’s the visual details you can translate” (P2), “Can I
translate even something like typography into that system?” (P2), “It makes me
want to draw a bunch of knot-work and then try to photograph it and translate it”
(P4), “[Maybe] if you take a picture of a knitted object and put it in computer vi‐
sion, something cool will happen.” (P6).

Several  participants  specifically  tried  to  make  “bad”  or  uncanny  results
(e.g. “That is the simple thought: I want to see how terrible this will be,” P1) and
compared the process to a glitch practice [238] with desirable instabilities (“From
translating from digital  to  analog there’s  always  some loss  in  this  process,  or
some translation error  or  whatever,  which I  find really  inspiring,”  P2)  These
comments  show the  participants  seeking the  edges  of  the  brioche patterning
space, as an active part of understanding the overall possibilities in conversation
with the system.

Personal Involvement and Ownership14.6.2. 
Because I define grain as something which is ultimately understood tacitly, each
artisan’s understanding of grain becomes becomes personal. I was interested in
participants’  perception of  their personal involvement in the creation process,
their feelings of ownership over the results, and how these relate to the control
and collaboration themes in the previous subsection.

Several  participants  chose  imagery  with  personal  meaning.  For  example,  P6
used the tools as an excuse to re-examine a familiar location: “I’ve known this
building since 2009, like very intimately, and I haven’t looked at the brick the
way I look at it now.” Indeed, in several cases, this imagery was chosen with a de‐
sire for it to stay personal—that the transformation into brioche space could en‐
code meaningful secrets. When P1 tried an image of themself with their partner,
they verbally acknowledged that they expected it to be almost entirely illegible;
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this ended up being their selected knit (Figure 14.16). P5 chose an image of one of
their tattoos (Figure 14.16) and processed at a very small swatch size to be espe‐
cially abstract: “There’s a connection but only I really know it.”

Others  mentioned that  the process  itself  imbued some personal  meaning.  P5
contrasted the curational process of choosing and selectively processing photo‐
graphic inputs with a less hands-on process (“if you had generated eight thou‐
sand completely random brioches and said ‘go through these and pick your fa‐
vorite’”) but quickly clarified that they saw this distinction as private to the prac‐
titioner: “there’s a difference for the person making it, but there’s very little dif‐
ference for anybody else.” Similarly, when P2 discussed their preference for sur‐
prise and undercontrolled processes (mentioned in  Subsection 14.6.1),  they ac‐
knowledged that the difference might be entirely their own internal perception:
when things are too predictable, “maybe others find it good, but I don’t.”

Figure 14.17 P5’s “handprint” pattern was inspired by the feel of the fabric swatches
they handled.

Blank Pages and Curation14.6.3. 
Because I wanted the participants to focus on experimenting with a gestalt map‐
ping from photo to pattern, I did not provide them with my tools for editing in
the brioche space. Several participants mentioned this, touching on desires for
“the ability to just sort of remove parts of it” (P5), to “just come in here and put
these things around and and manually fix these little details” (P2), and to “edit
these patterns now, like refine them.”(P2) “But,” as P2 immediately followed up,
“at least it brings you to to a state where you don’t start from scratch on a blank.”

This highlights a strength of the system as an early stage in a creative process. P2
highly valued avoiding “the blank page,” and described various tactics from their
own design practice, including “found footage” and manipulating sketches from
previous projects: “I just create options over options over options—use something
I did as a starting point for something else, and iterate over and over, and then at
the end you have a large selection” from which to curate the best outcomes. P2
found a similar opportunity in the brioche tools: “And then it’s about selecting
those moments that you like which is something I also like.” P5 contrasted the
curational process with a blank canvas, saying that the Snapshots interface was
“different than if you have a blank canvas [...] I’m very much going around look‐
ing at objects in the world, or patterns around me.”
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P5 mentioned what they see as a negative aspect of many digital processes, that
often there is “no effective cost in twiddling with things forever,” which “changes
how you make decisions, because it’s like you don’t have to think about resource
consumption, except for your time and energy, which is a resource that people
don’t think about when they’re doing things digitally.” As such, they saw the lack
of  fine-grained  editing  within  the  Snapshots  tool  as  a  positive  constraint.  P4
mentioned a similar tendency toward perfectionism in users of digital tools, and
said that in their own practice, they prefer to use the digital tools as a jumping-off
point for hand work (e.g. using generative design tools that are intended for ma‐
chine embroidery, but doing the embroidery by hand instead).

Textile Materiality14.6.4. 
Because a grain space encapsulates both a style and a physical material, I was in‐
terested  in  my  participants’  perceptions  of  computational  brioche  knitting  as
both  a  computer-mediated  process  and  as  a  tactile  material—in  particular,
whether the material specifics of knit fabric supported, or even affected, the cre‐
ative practice.

While the participants mostly had no experience with brioche knitting (except‐
ing P4), they incorporated their associations to adjacent material domains. P5,
who has a longstanding photographic practice, referred to the grain of photogra‐
phy as an important part of how they considered their input: “there’s an object or
there’s a thing or there’s some sort of whatever that I’ve put into a photograph,
which is already using a tool; [...] the camera is the tool that takes [it] in reality
and translates it into a thing that then I submit into the tool that you gave me,
and then with that there’s several more sliders.”

The mobile phone/tablet screen is the most immediate surface of my tools, but
participants remained aware of the material properties of the eventual knit out‐
put, and some incorporated it into their conceptual exploration. Inspired by the
springiness of brioche knitting and in reference to pinscreen toys, P5 made one
swatch based on their handprint,  Figure 14.17: “the samples are so pleasing to
touch, so having one where it’s it is literally just a handprint and you can put your
hand on it, touch the handprint, so that was sort of playing with the the touching
sensation [...] And it’s the opposite of the pin toy because it’s so soft.” P3, P4, P5,
and P6 each submitted imagery which itself referred to textiles; P6 described
this choice as a kind of “magical thinking.” P5 explained a composition using an
image of the heavy hand-embroidery on their jeans as their “meta submission,”
explaining that it was “a pure exercise in just deconstructing a thing and then
making a thing. [...] How far away can I get when like the final product is going to
be stitching and the original thing was also stitching?” Additionally, P4’s prior
experience with brioche knitting led them to try some foliage motifs, and to dis‐
cuss the possibilities of repeating or tiling patterns.

In these examples, inspiration from the material itself becomes a kind of helpful
conceptual constraint. This illustrates how a grain space can encompass associa‐
tions and inspirations that influence not just what is possible, but what might be
desirable, or meaningful.
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14.7. Future Work
From a technical knitting perspective, brioche is a specific grain space of knit
texture  manipulation.  It  is  deliberately  constrained–even  within  traditional
brioche knitting, I might have supported different loop stacking orders, splitting
a stitch more than once, or manipulating both the front and back faces of the fab‐
ric. However, without a clear underlying logic, such a system can quickly become
unwieldy. A broader space would necessarily include a principled consideration
of how to expressively compose various families of texturing techniques, includ‐
ing  re-integrating  texture  with  overall  shaping  techniques  beyond  short-row
templates.  Further  effort  in  automating  compositional  concerns  might  allow
freer exploration in the grain space. For example, my knittability operations use
a simple find-and-replace mechanism. As the underlying knit structure becomes
more complex, knittability-aware optimization techniques could lessen the bur‐
den of defining new texture interactions.

More broadly, I see applications of this work beyond knitting to expressive fabri‐
cation anywhere a unique digital/physical grain might be found: for example, in
the effects of varying pressure and lead hardness on a plotter-drawn pencil draw‐
ing [388], in varying extrusion rates for alternative material characteristics in fil‐
ament deposition 3D printing [95], or in pushing the bounds of printed overhangs
in clay [351]. Computational fabrication tools are often built on re-used abstrac‐
tions that turn out to be an inelegant fit for a particular fabrication domain. By
identifying an approach grounded in both material practice and computational
abstraction, I expect this work to inspire HCI tool-builders to craft more deliber‐
ate  abstractions and interactions for  creative  computational  fabrication across
material domains.

As digital fabrication research continues to invent and refine a broad range of
material practices, it becomes increasingly important to support not just prede‐
fined goals, but to greet new creators who may not even have such goals yet. By
offering curated inroads to digital material exploration, we can cultivate a flour‐
ishing landscape of creativity in computational fabrication.

14.8. Summary
This chapter described how a grain space—a manipulable notation paired with a
fabrication compiler—can support exploratory expressive creativity by bridging
from high-level tangible tools to complex fabricated output. The grain space pro‐
vides both a technical scaffold that ensures knittability and enables quick manip‐
ulation through composability, as well as design implications such as notational
systems.

Grain is a  tendency, not a rigid constraint; a computational space is inherently
malleable. A grain space is a hybrid of these: a  soft technology suited to under‐
pinning modular manipulation systems which are experimental and experien‐
tial, drawing on physicality as a source of productive imprecision, as well as com‐
putation as source of emergent transformation.
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15. Structuring Softness
In this chapter, I systematize  aspects of soft computational fabrication systems
and  the  values and  technical  underpinnings that  enable  them.  This  analysis  is
based on recurring themes in the systems discussed as well as related work.

In drawing together qualities like portability, composability, and parametricity
under the heading of softness, my intention isn’t to reinvent any individual quali‐
ty but to show that they have a kinship; that where one of them is applicable, oth‐
ers might be too.

Just as how, as I described in Part I, the complex but pliable structure of a textile
is what gives rise to its strengths, I intend that this structured analysis of softness
to be a tool for designing and building future systems. “Aspects” can be used to
understand where softness is currently found, or could be added, in a system;
“Approaches” are high-level properties of systems which span different aspects;
at the level of actually creating a new soft system, “Values” and “Techniques” are
tactics for designing and implementing, respectively.

This part is summarized in  Figure 15.1, which diagrams relationships between
aspects of softness, soft technical approaches, underlying design and engineering
tactics, and other concepts from throughout this dissertation.

Figure 15.1 Aspects of, and approaches to, softness.



15.1. Aspects of Softness
In this section, I discuss three overlapping aspects of softness—what it means to
say a technology is “soft.” These aspects have particular conceptual loci within
and around the system and its output: in other words, they are generalized an‐
swers  to  the  question  “what  part  of  this  system  can  be  considered  soft?”  Of
course, these aspects are rarely found in perfect isolation; I describe their over‐
laps as productive approaches in the next subsection.

Emergent15.1.1. 
The softness of an emergent system is located in its output. This might involve the
use of deliberate underdetermination to channel a chaotic or fuzzy input, as in
the Twitch and self-portrait sketches in  Chapter 10, or it may be a more struc‐
tured emergence, such as the metamaterial characteristics in Part I or the “im‐
provisation paths” in Subsection 13.3.3. It’s worth noting that emergence is a per‐
ceptual phenomenon: a complex system can be technically fully deterministic
but still unpredictable. I discuss ways of reasoning about emergent phenomena
particularly from a materials perspective in  Chapter 6 and from the dual per‐
spectives of procedural generation and weaving design in Chapter 10.

Configurable15.1.2. 
The softness of a configurable system is in the system itself. As opposed to mech‐
nically simpler loom types,  a  Jacquard loom is  distinguished by its  on-the-fly
configurability—a new pattern can be woven simply by changing a data input to
the loom, without having to re-thread any heddles. The personal Jacquard loom
in Chapter 9 was further configurable with optional camera-based sensing and
networking capabilities. The TC2 Jacquard loom was not necessarily designed to
be extended in this way, but reverse-engineering its control protocol enabled it
too to be modified. Configurability particularly has implications for real-time and
real-space interactions,  where the system might  be  adjusted on the fly or  as-
needed for an unusual input. Reconfigurable systems might involve modular and
composable components, or affordances for aspects of the system to be swapped
or overwritten on the fly, such as how the various editing and compositing tools
in the Brioche-generating system (Chapter 14) could be chained together flexibly.

Deployable15.1.3. 
The softness of a deployable system is in the context surrounding it. This includes
physical portability, as in the Personal Jacquard Loom (Chapter 9) and the “in the
field”  mobile  interfaces  for  brioche  pattern  design  (Subsection  14.4.1);  more
metaphorically, it includes bringing a system into a different social or cultural
context,  such as in the “Twitch Plays Loom” sketch (Section 10.6).  Deployable
technologies could be physically lightweight and/or difficult to break, or it could
be relatively inexpensive to support new, casual, and independent users. It might
incorporate  existing  infrastructure  to  accomplish  these  goals,  for  example  by
running on mobile phones or by repurposing vintage hardware.
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15.2. Approaches to Softness
The intersections of the above three loci imply a complementary set of fulcra to
develop softness within a system.

Augmentation15.2.1. 
Combining configurability and deployability,  augmentation involves improving
existing capabilities or adding new ones. Hobbyists often improve their tools, for
example by upgrading the filament reel on a 3D printer [257]. Computational aug‐
mentation can include adding capabilities that computers are particularly good
at, like tracking and modifying data and displaying extra information. The possi‐
bility of augmentation unlocks resources that might otherwise be overlooked. Es‐
pecially in fabrication, there is a wealth of historical technologies that are highly
sophisticated (and are often more robust than contemporary technologies)  but
may be dismissed as obsolete. In this work I particularly prioritized augmenta‐
tion that was reversible without damaging the underlying system, to promote re-
usability, reduce waste, and encourage creative risk without necessarily incur‐
ring financial risk.

Contextual inputs15.2.2. 
Combining deployability and emergence, contextual inputs are those that don’t
come from the system or the user, but from the surrounding context. In this dis‐
sertation, I particularly discussed  physical inputs, which are both a high-band‐
width input medium and can introduce noise, mess, and imperfections to act as
creative seeds. The potential for unpredictability of physical inputs has a long
history of supporting creativity [356]. In the brioche work, locating the input on a
mobile phone encourages users to use the camera of the phone and therefore
their own physical surroundings as inputs. In Chapter 10, two of the “underdeter‐
mined” weaving systems included physical inputs: the actual-sized paper “Blobs”
that could be nudged, scattered, or torn, and the weaver’s own body. To different
degrees, these demonstrate the use of imprecise processes as a source of emer‐
gent patterning. Physical input is also a natural paradigm for real-space interac‐
tion, as shown in the double-cloth example of the personal Jacquard loom (Sub‐
section 9.3.1).

Other contextual inputs are possible as well. The social context is an important
input into the the “Twitch Plays Loom” sketch in Section 10.6, where the site-spe‐
cific  social  norms  of  Twitch  encouraged  an  emergent  semi-structured  chaos
from the fluctuating audience of guests making joint creative choices amongst
themselves.

Modular abstractions15.2.3. 
Combining emergence and configurability,  modular abstractions are computa‐
tional constructs which are designed to be interoperable across a range of repre‐
sentations from the material object to the fabrication operations. In the knit ma‐
terials work in Part I, the knitting operations were defined on row-by-row bases,
parameterized by factors such as whether a drawstring or a spacer filler row
should be present.
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15.3. Soft Values
The “soft values” in this section are provided as prompts to inspire the design of
soft systems, particular in early-stage ideation.

Non-production priorities15.3.1. 
Many  computational  fabrication  systems  prioritize  “production”-oriented  con‐
cerns like efficiency, automation, and precision. These are certainly worthwhile
goals in many contexts, but not all. Indeed, full automation may be actually detri‐
mental to a system, if collaboration or learning are goals. Precision can be de-em‐
phasized if speed is a priority [131, 255], and artifact-centred metrics of efficiency
may not be appropriate for experiential systems.

In Chapter 9, I showed how de-prioritizing weaving speed and precision made it
possible to greatly improve portability, price, and hands-on interactivity. In Sec‐
tion 14.6, creative practitioners discussed how imprecision and unpredictability
could be inspirational, and in Chapter 13, participants discussed productive frus‐
tration and labor as a source of value, especially in the contexts of learning and of
fabricating gifts for loved ones.

Other possible priorities include:

• accessibility:  something  that  is  bigger,  slower,  and/or  quieter  provides
more cognitive tractability and better access to interpretive technologies
such as audio explanation for blind and low-vision practitioners  [37],  as
well as more pleasant for practitioners with sensory sensitivities

• safety: slower speeds, lower mechanical complexity, and manual operation
can all  make fabrication machines safer  for  an interactive user,  e.g. the
manual  Dubied  knitting  machine  is  designed  for  hands-on  operation
whereas the industrial Shima Seiki one prohibits it

• ease of  repair:  ruggedness,  lower mechanical  complexity  and interoper‐
ability  with  common  tools  and  components  give  a  system  longer-term
longevity and could encourage creative risk-taking

• fun, education, and other experiential aspects: systems which incorpora‐
tive narrative and/or gameplay  [13,  368],  or which are simply surprising
and joyous can provoke further exploration

• beauty: systems which produce beautiful output, or which are themselves
beautiful, for myriad contextual definitions of “beauty,” can increase joy in
operation and pride and ownership over the results.

Additionally, even the basic “production” priorities may be slightly modified in
other contexts. For example, instead of overall “time to finish” speed, a personal
practitioner may care more about the ability to fit a creative process into their
own schedule, e.g. by pausing and re-starting a project as time allows. “Efficien‐
cy” may be dynamically defined in a lab context, in which some materials, such
as those that  are  being hand-synthesized,  are  appreciably more resource-con‐
strained than others.
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Blending Scaffolding and Agency15.3.2. 
Soft  systems  are  often  experiential,  hybrid,  or  interactive,  and  they  therefore
must handle the design of creator agency during the creative process.

Throughout this work, and particular in the practitioner discussions in Part III, I
discuss aspects of systems which either:

• scaffold an experience: make it accessible to a creator by minimizing com‐
plexity, abstracting details, and handling the difficult parts; in other words,
they introduce some kind of automation, or

• seek to provide extra  agency by allowing a creator to intervene at critical
moments,  personalize the system’s configuration,  and choose personally
meaningful outcomes; in other words, they can be overriden.

While at first glance these aspects may seem fundamentally at odds—there’s not
exactly any agency over an automated process—they are not zero-sum. Selective
automation can amplify creative choices. Additionally, automation of sensemak‐
ing can help a creator understand what their choices even are. Some participants
who tried the augmented manual knitting machine felt powerless, especially at
the beginning, when they didn’t feel that they had enough information to make
any kind of actual decision; with more scaffolding, they were able to move more
confidently and felt more ownership. At the other extreme, though, simply au‐
tomating everything might be condescending or bland.

Any new soft or hybrid system should carefully consider which parts of the cre‐
ative process are the locus of automation. For example, a system like the aug‐
mented knitting machine can automate the production of possibilities, while leav‐
ing the specific outcomes up to the creator. A system like the Jacquard self-por‐
trait provided the very transparent automation affordance of doing video process‐
ing and row-tracking,  without  any input  into the subject  matter.  The brioche
knitting system automates all of the low-level machine control needed for viable
knitting, and allows the creator to concentrate on mid-level effects.

Other fruitful loci of automation might include:

• duplicating a creator’s work. For example when they want to “undo” a step
that is physically permanent, a system can recreate the work up to the just
before that step; alternatively, a creator may wish to re-create the artifact in
batch or at a different scale.

• setup, finishing, and re-setting. Many processes have setup or cleanup over‐
head that many creators would be perfectly happy to automate; more gen‐
erally, it is helpful to understand which parts of the process a creator con‐
siders integral to the act of creation versus incidental.

• dexterity-centric  tasks.  The gap between what  is  straightforward to  de‐
scribe and what is easy to physically do can be a welcome place for auto‐
mation. For example, computationally-defined jigs or endstops [379] can be
chosen by the creator to augment their own abilities.
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Grain Spaces15.3.3. 
While I specifically defined the term “grain space” in Chapter 14, the general ap‐
proach of defining a style notation and encapsulating it in a parametric space can
be seen throughout this dissertation.

In Chapter 6, I described a functional style of parametric weft-knit spacer fabrics
and correlated its material characteristics to fabrication parameters. In Chapter
10, my method of compiling greyscale imagery to Jacquard weaving is based on
“shaded” weave structures using the “principle of inclusion” [338]; this approach
not only maintains viable weavability but also, depending on the family of weave
structure  used,  can  emphasize  the  “weavingness”  of  the  output—the  shaded
satins used in the self-portrait (Section 10.5) are quite similar to various dithering
algorithms, but the pointed twill structures in the blob composer (Section 10.4)
evoke blankets woven on handlooms.  In  Chapter 9,  the double-cloth example
uses a variant of this approach, tuned specifically to double-cloth weaving. The
collaborative weaving editor (Subsection 9.3.2) uses this approach to underpin a
correct-by-construction  “brush”  editor  which  can  only  paint  in  idiomatically
compiled ways.  In  Chapter 13,  I  used an intermediate format which could be
thought of as “racked rib Knitout”—that is, a format which encompasses the nee‐
dle layout and cam settings of the machine and which can be losslessly translat‐
ed to Knitout, but which more easily enables reasoning about the unique pattern
space of the manual knitting machine.

Unlike the more general “design language” or “pattern language”  [66],  a grain
space is specifically about material fabrication, it’s ideally a relatively continuous
parametric  space  allowing  clear  paths  to  adjacent  outcomes,  and  it’s  small:  a
grain space can, and should, be “opinionated” relative to the overall fabrication
technology it is situated within. Defining a grain space is a creative act which
balances low-level material technique with context-specific goals. Similar to do‐
ing an exploratory thematic analysis or contextual inquiry, developing a grain
space can be an inspirational and educational introduction to working with a
new computational fabrication medium, and it can help map out the necessary
technical underpinnings for a new system.

New grain spaces could be inspired by historical and contemporary craft styles,
as in the brioche work, or as in work by other researchers on paper piecing for
quilts [357], complex wood joinery [194], or slab-based ceramics [140]. A trip to a
museum or library, or perusal of contemporary practice on social media  [388],
can turn up nearly endless grain-space-sized creative material practices.  They
could equally be developed from functional material goals, as in the spacer fabric
work, or as in work by other researchers on cellular metamaterials [155] and un‐
derextrusion effects in 3D printing [95]; potential inspiration might be found in
materials science and other material-centric disciplines like electrical and com‐
pliant mechanical engineering.

15.4. Soft Techniques
The “soft techniques” in this section are provided to help guide the actual imple‐
mentation of soft systems. These are concrete hardware and software compo‐
nents that support the higher-level goals of softness, and they’re the ones that I
found myself returning to repeatedly.
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Lightweight sensing15.4.1. 
Sensing that is  “lightweight” makes use of  existing ubiquitous or inexpensive
hardware, and aims to be minimally invasive and/or reversible. These are keys
aspect of deployability as well as configurability. Sensors that can be removed or
upgraded without damaging the underlying system was a critical part of my ap‐
proach to augmentation, which aims to strictly add to the underlying machine
without overriding or interrupting its core functionality.

In practice, lightweight sensing can include some hardware-based sensing, such
as the use of the hall effect sensors and accelerometer in Subsection 13.2.1; these
are low-cost and straightforward to work with. However, I found that the most
flexible  and  generalizable  approach  to  lightweight  sensing  was  camera-based
sensing using either classic computer vision algorithms or image classification
models.

At the simplest end, I used perspective correction and color threshholding from
OpenCV [40] to generate weaving patterns from real-space on-warp inputs in the
two Jacquard projects (Part II). I used classic computer vision, particularly per‐
spective rectification, segmentation, and brightness clustering to sense slider po‐
sitions in the personal Jacquard loom (Subsection 9.2.4) and knob positions for
brioche instrument (Subsection 14.4.1).  These were well-suited to  the task be‐
cause the input was structured by the physical mechanisms, which I was able to
design  to  have  high  color  contrast  and  regular  rectilinear  positions.  For  the
messier “in the wild” task of determining the carriage settings on the manual
knitting machine (Subsection 13.2.1), I used image classification, which was able
to pick up on nuances of shadow and light to determine even the position of the
knit/tuck rocker switch.

These techniques do not necessarily require cutting-edge computing equipment
for interactive results. They can be reasonably implemented with typical, low- to
mid-tier streaming cameras—indeed, several of these were carried out during
the early part of the Covid pandemic, when it would have been difficult to obtain
a  high-end  streaming  camera—and,  particularly  in  the  image  classification,
much work has been put into the maintainers of OpenCV and Tensorflow to en‐
able operability under computing resource constraints. The desktop computer I
used for the augmented manual knitting machine was approximately a decade
old at the time, and the mobile phone interfaces in  Chapter 14 were usable on
various  participant  phones,  including  my  own  which  was  approximately  six
years old at the time.

While camera-based sensing may be less accurate than task-specific hardware, I
found that the results were quite usable, especially for the real-tine interactive
tasks like the augmented knitting machine, where it was possible to re-sample
and average the results over a rolling time window.



For  even  more  general  classification-based  sensing,  transfer  learning  is  very
promising. Figure 15.2 shows how a hand pose classifier built with Google’s Me‐
diaPipe framework  [218] can be trained to  support  manipulation of  on-the-fly
configurable interfaces based on tracking the hand itself instead of the interface.
The “tapping” pose in this example was trained with 700 images, collected in <5
minutes with a Processing sketch similar to the one in Subsection 13.2.1, with no
effort to investigate a minimum viable number of input images. (The documenta‐
tion claims that approximately 100 samples per class is sufficient.) In addition to
using transfer learning for the specific poses, the pose classifier does not act di‐
rectly on the raw image data; it acts on hand “skeleton” landmarks identified by a
network trained on a Google-large dataset, and is therefore robust to differences
in  lighting,  background,  and  specific  hand  geometry  and  theoretically  color
(though this last one is a known weakness of [245]).

I am certainly not the first to propose cameras as a kind of ultimately flexible
sensor for HCI-related tasks [51, 191]. That said, cameras can have serious impli‐
cations for user privacy [39], especially in the “personal” and “educational” con‐
texts that I believe soft technologies are particularly suited for. In the work in
this dissertation, cameras are primarily pointed at the machines themselves, typ‐
ically with narrow fields of view cropped to specific areas of interest, and image
data is not logged. (The exceptions are the self-portrait and Twitch examples in
Chapter 10; in these, I am both the subject captured by the camera and the custo‐
dian of the system’s data, though I do also cede the data stream to Twitch as a
necessary consequence of situating the work in that context.) Every project in
this dissertation handled the vision tasks as separable input modules.  For the
augmented knitting machine, the output of the image classifier was a stream of
“current settings” data comparable to the serial data stream from the Arduino
that was handling the carriage and rack positions. After training the classifier,
the entire camera-sensing process could have been handled by a fully separate
computer such as a Raspberry Pi. For the mobile web interfaces in Chapter 14,
the computer vision was done entirely client-side, without requiring image data
to be sent to central server. (In Section 14.6, I retained some image data as part of
user study analysis, but was separate from the image processing and I only re‐

Figure 15.2 A “pinch” pose, tracked in real time, can manipulate an on-screen repre‐
sentation of knit stitches.
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ceived image data that participants specifically chose to “submit,” in accordance
with our instructions to them as regulated by our IRB.) Structuring the input in
separate, modular, and local-first processes makes it more privacy-preserving, as
well as more scalable (because it avoids load on a central server), and easier to
adapt or adjust later if more efficient or accurate processing techniques become
available.

Symbolic visualization15.4.2. 
Visualization that is “symbolic” does not pretend to be a photorealistic preview of
an output. In addition to being computationally expensive and often highly task-
specific (and therefore not particularly deployable or configurable), highly simu‐
lationist  visualization can be a worse user experience.  A gorgeous,  fiber-level
rendering of a knit surface is a delight and a marvel, but just like a real knit ob‐
ject, it is likely to be visually confusing. (Even as a practitioner with approximate‐
ly a decade of experience in machine knitting, I need to concentrate to “read”
many knit textures.) Additionally, it implies a level of accuracy to the output that
may not be true, especially if the input materials are variable, such as with a col‐
or-varying yarn.

Designers have written of the power of a partial and under-defined “sketch,” as
opposed to a hardlined “drawing,” to retain semantic access to adjacent possibili‐
ties, and to focus attention on the salient aspects of the sketch while minimizing
distractions [108]. A sketch can itself be an explanatory and exploratory tool.

For all of these reasons, the visual notations I developed in this work are predom‐
inantly symbolic. While I did develop an additional more-literal “loop view” visu‐
alization for the brioche notation (Section 14.4) which was intended to show the
shifting two-color effects of the brioche style, in practice this visualization was
much less useful than the greatly simplified symbol view with its optional direc‐
tional color highlighting.

Some symbol notations can be easily rendered by composing simple raster tile
sets or SVG symbols, as I do in the brioche “diagram” view. Where physics-based
material effects are more influential in the output, it may be helpful to indicate
these effects in the notation, beyond composing tiles in a grid. The hand-knitting
chart tool Stitch Maps [43] indicates the non-rectilinear outcomes of lace knitting
by distorting the grid of the chart itself. In the augmented manual knitting ma‐
chine’s preview, I implemented what I describe as a “physics-inspired” symbolic
notation: stitches are represented as abstract nodes, but I wrote a simple mass-
spring simulation that shows the emergent ripples and layers that are the major
patterning  moves  in  that  system.  I  implemented  the  physics  in  vanilla
JavaScript, though similar results could be had with actual physics engines, es‐
pecially games-focused ones like Box2D [53], which prioritize interactive speeds
over physical accuracy. Throughout this dissertation, I have used SVG.JS [89] for
rendering,  as  the  SVG format  makes  it  simple  to  add event  handling  (e.g. by
adding a click/drag handler directly to each node of a stitch mesh representation;
while mouse interaction wasn’t part of the main workflow for the augmented
manual knitting machine, it was certainly helpful for debugging), multiple layers
(e.g. front-  vs  back-bed stitches),  and dynamic graphical  styles  (e.g. re-coloring
stitches to reflect a different yarn choice).
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Symbolic representations are particularly able to adapt to various parts of a pro‐
cessing pipeline. In Figure 15.3, I show how parts of a visualization can be em‐
phasized or de-emphasized for different parts of a creative process.

Figure 15.3 Left: a “simulated” view of a knit stitch graph, showing distortions to the
grid from loop connections. Right: a “scheduled” view of the same knit graph, with
needle positions, loop formation order, and continuous yarn paths assigned.

Data interoperability15.4.3. 
In discussing contextual inputs and configurability, data interoperability is a pri‐
mary technical concern. The systems in Part II and Part III all included multiple
input/output modalities, including webcams, microcontroller data, web connec‐
tions, and of course fabrication machines. One of the primary technical tasks of
these systems is to manipulate, compose, and translate across these modalities;
one of the central aspects of a grain space is that it specifies an interchange for‐
mat and defines manipulation affordances.

Wherever possible, components of a soft system should be modular and flexibly
composable. On a practical level, this has largely meant ensuring that data is se‐
rializable, particularly into a JSON format (though sometimes into simpler plain-
ASCII representations for initial experiments). I typically use Node.js  [279] and
its  websocket,  serial,  and  local  file  APIs  for  servers  that  coordinate  amongst
modules.  In some cases,  I  have developed modules as libraries for Processing
[102], especially when that enabled other users to build with the modules; for ex‐
ample, I developed the work in Chapter 10 as a guest of the Unstable Design Lab
of the ATLAS Institute at University of Colorado Boulder, where the TC2 loom is
frequently used for interdisciplinary research and art practice. I particularly try
to  target  browser-based  interfaces  because  of  the  ubiquitous  availability  of
browsers.

Underpinning the multiple possible visualizations shown in Figure 15.3 is a nec‐
essary dual representation: the knitting is modeled as a partially scheduled stitch
graph, which can be operated on as a traversible and editable stitch graph as well
as it can be represented as a sequence of Knitout operations. This allows interop‐
erability  between CAD- and CAM-based workflows (as  defined in  Subsection
11.4.2).
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15.5. What softness is not: a note about “AI”
Softness is not amorphousness. The structures of softness, from complex weav‐
ing and knitting patterns to  computational  modularity and composability,  are
what gives it meaning and power.

As I am writing this in summer 2024, “generative AI”—in this work, I mean this
in the specific sense of Large Language Models [30] and other high-data proba‐
bilistic/statistical methods, as opposed to the earlier, more general sense of “an
algorithmic model that produces something”—are being promoted and studied
as a solution to many creativity support tasks.

I believe that “AI” can be a useful component of a soft system (concretely, by being
a way to implement the camera-based sensing I discuss in Subsection 15.4.1), and
some aspects of statistical approaches share a kinship with softness—particular‐
ly, generative AI is an example of emergence at a dizzying scale, any given model
does have its own telltale quirks (i.e. its grain), and the wide array of interface
systems that are built on top of ChatGPT show that it can be thought of as con‐
figurable. These aspects have been studied in HCI, particularly in the highly rel‐
evant thread of research on the materiality of “generative AI” and how people in‐
teract with it [425, 428]. However, I don’t consider generative AI to be particular‐
ly well-aligned to the definition of softness that I propose in this dissertation, for
two main reasons.

First, it’s not just malleable, it’s downright amorphous: it lacks the structure of
sub-component modularity and composability that I propose as a basis for con‐
structing usefully soft workflows.

Second: “generative AI,” as currently exists,  is  premised on acontextuality.  Of
course, any actual such system has a context: it is shaped by the goals of its cre‐
ators, and it is trained on a specific dataset, even if it is a very large one. However,
it is presented as a universal technology, and indeed the sheer scale of the under‐
lying data has a kind of flattening effect, in which any particular result might as
well be any other. Individual creators can, and do, create unique and situated
work from these kinds of systems, but I don’t think it’s a coincidence that some
of the most poetic work from generative AI involves creators intervening at the
training data level, such as in Anna Ridler’s “Myriad (Tulips)” [317].



16. Softer Technologies: Future Work
The aspects and approaches to softness in this dissertation range from literal
(e.g. the softness of a textile) to metaphorical (e.g. the softness of a hybrid context).
Within the work documented, these senses flow from each other—the literal ma‐
terial softness of fabrics have made them suitable for an incredible variety of con‐
texts,  from the personal  to  the industrial,  while resisting turn-key fabrication
pipelines.  Systems like the brioche knitting generators  include softness  at  all
three levels of material, workflow, and context.

Looking forward, it’s possible to think about softness as an approach in a more
targeted manner, without necessarily being about fabric or computational fiber
arts specifically.

16.1. Sustainable and Local Material Futures
Sustainability is a critical aspect of any kind of fabrication. Mending or re-using
existing  objects  and  incorporating  materials  that  are  found  locally  are  both
promising tactics to reduce resource consumption; however, these are challeng‐
ing in fully-automated computational fabrication, which is more typically engi‐
neered to build fully new things, from standardized materials. Interactive fabri‐
cation, that can incorporate real-time and real-space inputs, has been a promis‐
ing lead toward augmenting existing objects [418] and working with non-uniform
materials [195]. I believe this can be pushed even further by recognizing that lo‐
cal materials often entail  local material  technologies— for example,  materials
like clay, bamboo, textiles, and wire armatures  [270,  271] are often the basis of
vernacular crafts,  with both deep expertise amongst artisans as well  as some
population-wide familiarity. Jacobs showed the possibility of using computation‐
al fabrication as the basis of a collaboration with artisans in Ju/’Hoan artisans in
Namibia who had an established practice of carving ostrich eggshell for jewelry
[159]. Soft approaches that can handle underdefined and emergent physical char‐
acteristics, composable abstractions that embrace experiential inputs, and overall
modular systems designed to be extensible by users can help make hybrid fabri‐
cation systems which could be tuned to specific local material contexts for both
cultural connections and to leverage local and re-used materials.

16.2. Material Learning
Workflows exist on various time scales, from a single session producing a single
output to the meta-workflow of a decades-long material practice [247].

I observe that learning is very often a soft process, full of unpredictable results
and shifting goals. Many pedagogical approaches, certainly including my own,
emphasize experiential and reflective workflows. And HCI research very often
prioritizes “novice” users. But learning is not just one process, especially as it un‐
folds over time. Learning can happen over wildly different time scales: in brief
weekend workshops, over the course of a year-long research, and through years
of engagement with a hobby [12]. There are many models of skill acquisition, but
they all include the idea that learning includes pivots between different modes,
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for example from undirected exploration to initial goal-setting, or from curating
results  to  combining  the  best  aspects  of  each.  Different  learners,  in  different
modes, need different workflows. Weekend workshop versus three years of bas‐
kets are wildly different time scales. Additionally, a “novice user” is not a blank
slate [134]. Learners also bring their own skills, preferences, and contexts, espe‐
cially cultural and aesthetic ones.

Soft approaches could be brought to bear not just workflows per se, but longer-
term arcs of material practice, which are often both cultural and also intensely
personal. Such systems must be configurable, to remain contextually appropriate
at all of the parts of that journey; underdetermination and emergence could sup‐
ply experiential “spark” and can be varied to the appropriate blend of scaffolding
and agency for a particular practitioner.

16.3. Fuzzy Computation
We are in an era when the stuff of “computation” itself is increasingly probabilis‐
tic and fuzzily-defined. As I discussed in Section 15.5, I see contemporary “gener‐
ative AI,” which is increasingly included in creativity support systems, as being
unfortunately amorphous and acontextual. I believe that soft structure might be
added to purely stochastic systems to scope and channel underdetermination.
For  example,  Yang  notes  that  designers  working  with  AI  are  engaged  in  a
process  of  growing  and  refining  a  “working  set”  of  “designerly  abstractions”
about the capabilities of AI [425]. Looking to the diagrammatic notation systems
that I describe as a hallmark of soft systems, inspiration could be drawn from the
way artisans develop their own notational systems to bridge between low-level
operations  and  their  creative  intent.  Another  tactic,  discussed  in  Subsection
10.7.3, is the careful hybridization of more- and less-deterministic methods, to al‐
low the more regular one to temper the results. For example, the “weaving shad‐
er” constraint imposed weavability on the image in the self-portrait sketch, no
matter how chaotic the video feed got; in the Twitch sketch, repeating the pat‐
tern across the width of the fabric gave it an overall gestalt compositional frame
to tame the chaos.

Soft approaches to reflective practice have implications not just for fabrication
with physical materials, but also for the broader landscape of computational cre‐
ativity.
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In this work, I have shown how soft approaches like adaptability, underdetermi‐
nation, and hybridity can be applied throughout the stack of material manipula‐
tion— from underlying physical properties through medium-specific workflows
to contexts of use—to support everything from learning how to work with cut‐
ting-edge materials to designing sustainable systems for repair.

By identifying the lens of softness, I provide a conceptual frame and a set of sys‐
tem-building tactics that can be used to create flexible and adaptable computa‐
tional fabrication systems. Such systems can be built to work with unusual mate‐
rials, to support varied contexts, and to adapt to current and futures needs. To
confront this complex topic, my work unites methodologies from technical sys‐
tems research and design inquiry.

This work includes a number of supporting contributions:

• operational fabrication techniques not previously documented in HCI liter‐
ature, including an explanation of manual v-bed knitting machines (Chap‐
ter  13)  and the  “spacer”  and “brioche”  knit  fabric  types  (Chapter  6 and
Chapter 14)

• specific low-level techniques for producing complex mechanisms with ma‐
chine knitting (Chapter 5 and Chapter 6)

• demonstrations  of  effective  use  of  camera-based  sensing  in  fabrication
tasks (Chapter 10, Chapter 9, Chapter 13, Chapter 14)

• the design of a uniquely interactive Jacquard handloom with on-loom in‐
put and networked capabilities (Chapter 9)

• a design exploration of procedural generation in the context of fabrication
• the term “grain space” to describe an approach to creating fabrication tools,

and an exemplar grain space of brioche knitting
• insights from creative practitioners on the roles of machine and material

agency, social aspects of craft, and procedural design in their work (Chap‐
ter 13, Chapter 14)

Computational fabrication can help people make things for their own specific
contexts, discover new material technologies, and work with local and re-used
materials and machines—but only if we approach fabrication systems critically,
as a site of adaptable and contextual possibilities, not simply scaled-down ver‐
sions of industrial factories. Approaches like augmention, contextual input, and
modular abstractions are how we can find complexities and opportunities in the
shifting grains and at the blurry margins between material and computational
processes.

17. Conclusion
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