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Figure 1: AdaCAD is an open-source parametric design tool for designing complex woven structures. Woven structures are
key to innovation in both smart textiles and research into novel fabrication methods yet, they can be difficult to document
and communicate. Our study revealed that parametric design offers a promising option for notating the rationales by which
complex structures emerge. Left samples woven by Etta Sandry, captured by Hannah Curran. Right sample woven and captured

by Devendorf.
ABSTRACT

Woven textiles are increasingly a medium through which HCI is
inventing new technologies. Key challenges in integrating woven
textiles in HCI include the high level of textile knowledge required
to make effective use of the new possibilities they afford and the
need for tools that bridge the concerns of textile designers and
concerns of HCI researchers. This paper presents AdaCAD, a para-
metric design tool for designing woven textile structures. Through
our design and evaluation of AdaCAD we found that parametric
design helps weavers notate and explain the logics behind the com-
plex structures they generate. We discuss these finding in relation
to prior work in integrating craft and/or weaving in HCI, histories
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of woven notation, and boundary object theory to illuminate fur-
ther possibilities for collaboration between craftspeople and HCI
practitioners.
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1 INTRODUCTION

Textile crafts continue to offer HCI novel methods for producing soft
circuitry (e.g. [60]), enabling reactive and responsive interactions
(without circuitry) (e.g. [23, 49]), reflecting on bias in computing
(e.g. [63]), and methods for fabricating soft and deformable 3D
objects (e.g. [70]). Recent research has demonstrated how well-
established methods used in textile craft, such as the use of tunnels
and drawstrings, can be repurposed for interactive applications,
such as the creation of robotic tendons [14]. Another example
includes the use of metal yarns in age-old textile structures, such as
the waffle structure of dish towels and shower curtains (also shown
in 1, left), giving rise to new forms of force sensors [45]. These
examples highlight how interactive, dynamic, or “smart” textiles are
less invented than adapted from well established techniques with
present day materials and/or functional concerns. As such, textile
innovation benefits from close collaboration between craftspeople
who have spent years developing tacit knowledge of different textile
production techniques as well as their functional behaviors and
HClI researchers with certain desires for interactivity or fabrication.

To facilitate collaboration, this paper focuses on how weavers
approach designing complex and/or 3D woven textiles (e.g. [50,
62, 70, 72]). We aim to center the practices of weavers in the con-
text of developing tools for "next-generation" weaving as a means
of acknowledging the inherent and millennia-old technicality of
weaving [59]. Furthermore, we see a tendency in engineering and
HCI contexts to advance the goals of researchers by standardizing
craft processes or limiting the variability of their practices to a
few well understood and predictable materials or domain specific
systems. Centering craft centers materiality in design, placing the
craftsperson and their tools in a position to anticipate the emergent
possibilities of the design situation [28, 41, 53, 71]. Thus, we see a
role for design tools to serve as generative systems for thinking
with materials. Furthermore, we see a potential for design tools to
extend established modes of disseminating craft knowledge in their
ability to document emergent processes.

We developed AdaCAD with these goals in mind. AdaCAD is
an open-source parametric design tool for designing and arrang-
ing woven structures into weaving drafts (i.e. instruction files to
guide both human-led and machine-led weaving). Parametric de-
sign is a form of design that creates dataflows between different
parameterized operations that generate new outputs, in this case,
weave drafts. Changing the parameters and/or elements within the
dataflow directly changes the outcome [24]. In addition to develop-
ing AdaCAD to support Devendorf’s practice of weaving electronic
systems and sensors, we worked with three weavers to develop,
adapt and extend the software within their practices. Specifically,
we worked with a set of weavers who identify as “complex weavers,’
a term used to describe weavers working to push the boundaries
of the woven form, with attention to multidimensional or shape
changing cloth structures [1].

We found the weavers with whom we worked have a rich di-
versity of practices, approaches, and design conventions. Their
approaches emerged from their local contexts: the kinds of looms,
materials, and software to which they have access, and the particular
vocabularies and conventions of their local weaving communities.
Our parametric approach to woven design was seen as novel, came
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most naturally to weavers with a particularly algorithmic approach
to complex structure design, and required some conceptual labor
for our collaborators to use effectively. Once understood, we found
that it opened up new spaces of reflection, experimentation, and
creativity into their practices while also representing their diverse
approaches within conventions of parametric design. This allowed
for the individual style and often hidden conceptual processes of
our weavers to become animated and explained through a set of
standardized terms/actions.

These findings led us to understand AdaCAD as a notational
system for describing the processes and rationales through which a
particular woven structure came about. This aided both the design
process and extended the ability for our weavers to communicate
their knowledge of woven structures to both themselves and new
audiences. To articulate the impact of understanding parametric
design as notation for the broader HCI community, we bring para-
metric design in relation to a lineage of craft notation systems. In
the context of weaving, an evolving history of woven notational
forms (e.g. from swatch to draft to punch card to bitmap image) have
illuminated the algebraic logics by which weavers construct cloth to
non-weaving audiences. We also reflect on the unique elements of
our design approach within the context of HCI-craft collaborations
and how our blend of first-person research with collaborations that
centered the individual needs and desires of the craft collaborator
allowed us to avoid excessive generalization of material-led prac-
tices and honor the inherent technicality of craftspeople (in this
case weavers). Considering the ongoing interest in weaving and
other craft-based approaches to interaction design within and be-
yond HCI, understanding parametric design as notation can situate
tool design in craft history while injecting unique capabilities made
possible by computational processing. Furthermore, it contributes
a possible approach to the challenge of representing and sharing
weaving knowledges within HCI as noted by Pouta et al. [29, 61].
We offer these contributions as both written arguments as well as
features embodied in the software itself.

2 BACKGROUND AND RELATED WORK

The term textile describes any material constructed from fibers,
and fibers are materials with high length to width ratio. Under
the category of textiles, there are three sub-classes: woven textiles
(denim, etc.), non-woven textiles (felt, paper, etc.), and knitted tex-
tiles (jersey, etc.). Each sub-category carries a rich history and set
of techniques. Our focus on weaving is due to our familiarity with
the process, its continued use as one of the primary modes of textile
production globally, and its common (and rapidly increasing) use
within HCL. Woven cloth is made by interlacing yarns in perpendic-
ular directions using looms, apparatuses that tension parallel yarns
(“the warp”) between two beams. A second set of yarns (“the weft”
or “filling”) are interlaced into these tensioned warp yarns. We note
that within this definition, there are also many different variations,
including tapestry weaving, draw loom weaving, or tablet weaving.
We focus on weaving that is done on shaft and jacquard looms,
which is the process by which most industrial woven textiles are
produced. On these looms, “heddles” attached to each warp lift and
lower the warp according to specific patterns. The patterns that
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Figure 2: Understanding Weave Structure. Weave structure
describes the relationship between the interlacements and
oats in the cloth. Weave structures can be systematically
manipulated to give rise to particular mechanical and visual
e ects. AdaCAD codi es these common manipulations into
operations such as: (a) invert , which swaps the visibility of
the warp and weft, and is often used for color shifting in
structure design and (b) stretch, which repeats a structure
across a larger regions of warps and wefts such that multiple
yarns act as one. This is often used to adjust the density of
the cloth.

humans and/or machines follow (in North American weaving prac-
tices) determine which heddles lift and lower during the weaving
process are called drafts. A draft typically takes the form of a grid
with black cells representing a place where the warp is raised OVER
the weft, and a white cell represents a location where the warp is
not raised, and thus travels UNDER the weft. An automated power
loom interprets these instructions one line at a time, lifting the
warp yarns speci ed by the black cells in that row of the pattern.
It then inserts a pre-de ned weft yarn, before packing it into the
cloth (beating). On a hand-controlled-loom, a human may follow
the pattern, or reorder it, and manually insert a weft yarn of their
choice into the weave. The speci ¢ way that the weave is drafted,
the materials used to weave, the ratios used between the yarns,
and the intensity at which the human (or machine) beats the cloth,
determines the mechanical properties of the cloth. The draft, then,
is an incomplete, but still useful, representation of weave structure.

2.1 Why Focus on Weave Structure?

We, and others, use the term structure to describe common pat-
terns of weft interlacements and oats that give rise to mechanical
characteristics in cloth29 (though other texts refer to this as the
construction [17) or bindings [23). An interlacement describes

a location in the weave where the weft (or warp) passes from the
front to back side of the cloth, or vice versa. A oatis a place where
the weft is not interlaced and instead, oats over the surface of the
cloth on the front or back face. Interlacements give cloth stability
and shapes its mechanics. For example, a twill weave orients in-
terlacements along a diagonal line, which results in the ability of
the cloth to sheer in one direction. Double cloth (or double weave)
orients interlacements on di erent groups or systems of yarns,
allowing for pockets or multiple layers to form.
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Because of the relationship between structure and function, a fo-
cus on structure can be a point of shared concern between weavers
and HCI researchers. For example, woven structures have been
used to create: many common visual interface elemeBtS8], 32;
multi-layered circuits that are unravelable and/or able to disas-
semble BQ, 67, 73; self-shaping fabrics§0; methods of storing
computer memory $3, and auxetic structures with applications in
soft robotics p5. The central role of structure is also emphasized by
Buso et al., who argue that weave structure is an often overlooked
element of textile design with huge potential for creating new and
sustainable modes of innovatio2§. They argue that a shift from
the term smart to animated textiles can crosscut concerns of
electronics, bio-materials, and sustainability that all share a focus
on innovating weave structure (as opposed to adding materials to
existing structures or on top of pre-made cloth). McQuillan also
uses the term multimorphic to describe the dynamic nature of
woven structures 4§. In her book "Mastering Weave Structure”,
Alderman writes when you understand the underlying principles
that govern a particular kind of structure, then you can modify
the basic draft [of the structure] to obtain the result you want
[18. The AdaCAD software presents these structural principles
and modi cations as parametric design components which can
be combined and linked together to generate new structures with
emergent behaviors. Figure 2 aims to illustrate the relationship
between structure, the e ects of speci ¢ structural modi cations
on cloth, and how modi cations are achieved in AdaCAD.

2.2 Textile Design Tools

As interest in textile-based or otherwise soft electronics grows
within HCI, so too do the number of techniques and systems to as-
sist with their design. While this eld is quite large, spanning work
in knitting (e.g. [61]), embroidery (e.g.3€), and paper-based elec-
tronics (e.g. 75), we will focus this background very speci cally
on work in weaving. We do this because the procedures in di erent
textile crafts may share some overlaps, but are largely distinct in
their design processes and machinery. In their review of woven
electronic systems in HCI, Pouta et al. provide a detailed summary
of the state of weaving in HCI while noting the need for more
design support tools that account for the new concerns that emerge
with interactivity [ 61]. This implies a divide between the software
weavers currently use and emerging systems situated towards the
concerns of those in HCI or engineering, as well as an opportunity
to more deeply integrate computational advances within the con-
text of weaving. Currently, weavers use hand drafting with grid
paper as well as many software tools to design woven structures.
Since the weaver's knowledge is the key source of innovation, these
tools can and have been used to do innovative work.

Most of these tools follow a paradigm of direct-design, whereby
a structure/draft is produced by manually clicking cells within
an empty draft, and then lling regions of artwork with those
structures to produce visual or mechanical e ects. Some of these
tools have generators for structures like twill, satin, and double
cloth, but the primary mode of interaction remains to be directly
clicking grid cells to de ne drafts and/or loom settings. The choice
of software is often linked to the loom that one uses. WeavePo#ht |
and FiberWorks §] focus on oor and table looms, and advanced
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Figure 3: A Complex Weaving Work ow: Weaving work ows vary based on access to tools and equipment as well as personal
preferences. While not representative of all weavers practices, weavers typically follow the steps outlined in the diagram above.
The table below compares AdaCAD, with other weaving software, noting that it primarily aids in the process of translating
sketches of structures into parametric work ows. These segments of the design process are highlighted in yellow on the
work ow

tools like PointCarre 10, ArahWeave f], and ScotWeaved focus [35. In light of our ndings from this original study suggesting
on jacquard weaving. Due to the high cost of the Jacquard tools, as that playfulness and documentation are key features weaving soft-
well as the training required to use them e ectively, many weavers ware ought to support, the present version of AdaCAD includes
opt to use Photoshop to make their drafts with the help of a book a di erent approach where a user develops a structure through a
called The Woven Pixel 4 or training in Jacquard weaving parametric design work ow. This approach shares similarities with
courses. approaches like "visual programming" or "procedural design", yet,
Researchers in HCl and computer graphics have begun develop-we chose the term parametric design because we nd our user inter-
ing new systems for textile design which often focus on simulation face to be slightly more abstracted from the code than in the other
and structural complexity, such as multilayered weaving. Two such two cases. Nevertheless, model-based design tools have proven
tools include TexGen41], an open source library for modeling to be successful in many creative application spaces within HCI
textile structures using Python, and WeaveCraf] a tool that (e.g. B2 43) as well as in other successful products like Grasshop-
simpli es the process of making complex structures by focusing on  per [19, MaxMSP 2, and vvvv [11]. While we know anecdotally
the design of cross-sections of cloth. Other projects complement of some weaving teachers that have adapted Grasshopper to explain

design with interactive fabrication with DIY desktop loom&6 57, weaving, AdaCAD is the rst parametric-based system designed
realtime design inputs15 16, and software to produce custom  speci cally as a tool for weaving. While the underlying functions
frames for hand loomsZ5. Our original publication of AdaCAD in are speci c to the concerns of weavers, we believe the paramet-

2019 exists within this space by presenting designers with multiple ric approach could generalize to other textile design spaces for
linked views of their design: one emphasizing woven structure and instance, as a user interface to other code-based frameworks such
the other emphasizing the path of electronics through the cloth as KnitOut [6] or Processing Based Embroidery Generators [8].
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Figure 4: Two modes of design with AdaCAD. A. Parametric mode: the primary mode of design in AdaCAD. This consists of a
workspace for arranging parametric components, which we call "operations"”, as well as toolbars that open other design options,
such as a materials library, the ability to create annotations, or load/save les. b. Direct design mode, emerges when any draft
in the workspace is expanded. This "Fine Tune" view o ers the ability to view a draft in di erent representations including a
view of the draft, and basic yarn simulation for the front and back faces of the cloth.

3 ADACAD in the data ow ripples through the model, changing the output

AdaCAD is a free and open-source tool publicly available on the drafts. There are currently fty- ve operations within AdaCAD a
web at https://adacad.ordlfy. Devendorf has led the development ~ USercan choose from. Some operations algorithmically encode well-
of the application, which has been written in typescript using the known processes of structure manipulation as we understood them
Angular Framework. While young, this software has progressed through our rst-person experience, collaborations with weavers,
beyond a prototype and is actively developed and maintained with and well-respected weaving textbooks. (e.g7[40, 54), while oth-
input from weaving and creative code communities. Site tracking €rs experiment with new applications of boolean logic to drafts. For
shows that in the 30 days prior to September 14, 2022, the software lack of space, we cannot describe each and every operation but
has been loaded 221 times by 87 unique users. Our latest video €ncourage readers to visit the Operations Playground example
introduction to the software, which was posted to YouTube on Jan https://adacad.org/?ex=operation_playground to play and exper-
7.2022, has been viewed 237 times. iment with each operation or review the feature list in Figure 6.
When someone visits adacad.org, AdaCAD loads in their web
browser. Upon loading, the user is greeted with a prompt of Where o
would you like to start and given options to begin a blank workspace, 3-1 How Designing Weave Structures
load a saved le, or load one of several example workspaces in- Parametrically Can be Useful
tended to demonstrate AdaCAD's functions. After making their  consider the following situation faced by weavers (illustrated in
selection, they are taken to the workspace (Figure 4A), a region Figure 5). Imagine a user wants to make cloth with a pleating struc-
on the screen where they are invited to either: freehand-draw and  tyre, which can emerge when satin structures are arranged next to
arrange shapes to be used in woven artwork, create blank drafts, or egch-other with alternating faces (e.g. one weft-facing (showing
generate drafts using AdaCAD's parameterized operations. In this the weft color), the other warp-facing (showing the warp color)). In
mode, a user starts by opening the operations panel from the side- AdaCAD, this weaver could begin by adding tveatin operations,
bar and browsing the list of possible parameterized operations to  ge ning the satin for each region. A "satin" describes any weave
use in their design. Selecting from this list adds the operation to the  strycture that obeys a speci ¢ set of criteria (e.g. maximum spacing
workspace. An operation takes drafts into one or more inlets, per- petween interlacements). A weaver typically selects the parameters
forms a computation dictated by the parameters, and returns adraft for their satin based on their loom density, how tightly they intend
as aresult. . The user chains operations together (e.g. connecting for their cloth to pack, etc. The weaver could then connect each
the outlet of one operation to the inlet of another) to create a data  gatin draft to arectangleoperation which repeats the input satin
ow to generate and manipulate drafts. Should a weaver decide to  across the region of the rectangle. The size of the rectangle would
modify their draft/data ow, they can do so by adding or changing |ikely be determined by their loom density and the size they desire
the linkages between operations or changing the parameters upon  the block in the resulting draft. To place the rectangular warp- and
one of the operations as shown in Figure 5. A change anywhere yeft-facing satins regions side-by-side, the user could choose the
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