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Figure 1. The lifecycle of a designed-for-disassembly smart textile component (left to right): 1) Raw materials of conductive and non-conductive yarn. 
2) Software for designing the layout and shape of components 3) Weaving/fabrication using an easy-to-disassemble technique developed in this work. 4) 
Testing the smart component. 5) Unravelling component to reclaim yarn. 6) Re-harvested yarn, ready to reuse. 

ABSTRACT 
Smart textiles development is combining computing and tex-
tile technologies to create tactile, functional objects such as 
smart garments, soft medical devices, and space suits. How-
ever, the feld also combines the massive waste streams of both 
the digital electronics and textiles industries. The following 
work explores how HCI researchers might be poised to address 
sustainability and waste in future smart textiles development 
through interventions at design time. Specifcally, we perform 
a design inquiry into techniques and practices for reclaiming 
and reusing smart textiles materials and explore how such 
techniques can be integrated into smart textiles design tools. 
Beginning with a practice in sustainable or "slow" fashion, 
unravelling a garment into yarn, the suite of explorations titled 
"Unfabricate" probes values of time and labor in crafting a gar-
ment; speculates how a smart textile garment may be designed 
with reuse in mind; and imagines how electronic and textile 
components may be given new life in novel uses. 
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•Human-centered computing → Human computer inter-
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Introduction 
The emergent feld of smart textiles is predicted to be a $5.5bn 
global industry by 2025 [64]. This feld describes research em-
bedding fabrics with circuitry or otherwise "smart" materials 
at the yarn level. As the synthesis of both textiles and elec-
tronics, such an industry could compound the two’s already-
massive waste streams [8, 28, 70]. Firstly, textile production 
continues to be one of the most wasteful and polluting indus-
tries in the world. The National Resources Defense Council 
describes textile mills as producing 20% of the world’s indus-
trial water pollution (through processes of dyeing, washing, 
etc.) [10] and the Ellen MacArthur Foundation reports that 
$500bn is lost each year on "underused clothes and the lack 
of recycling" [28]. Secondly, the global electronics industry 
generates nearly 50 million metric tons of electronics waste or 
“e-waste" annually [65]. As another major waste stream, the 
problem of e-waste has created secondary problems of regu-
lating, transporting, and properly disposing of it, exacerbating 
inequities between developed and developing countries as the 
latter disproportionately receives e-waste to process [81, 63]. 
We expect these problems to compound with the introduction 
of custom electronics embedded into textile structures. 

While concerning, smart textiles also present some interest-
ing properties to support disassembly and recycling that are 
different from traditional electronics manufacturing. In smart 
textiles, circuitry is largely woven or knitted into a fabric struc-
ture, allowing us to envision ecosystems of adhesive-less cir-
cuitry, where prototypes or post-use objects can be unraveled 
and separated to re-harvest constituent materials [83]. From 
these structures, we can envision modes of disassembling 
or mending smart textiles, just as people can (and do) dis-
assemble some garments that have been worn out or out-
grown. Unfabricate considers not only how these processes 
might take place, but if there are optimizations that HCI de-
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signers and developers could make at the time of design and 
fabrication to integrate disassembly and reuse into the smart 
textiles lifecycle. As such, we aim to connect communities 
discussing computational design and fabrication with those 
addressing sustainability through disassembly and reuse. 

Drawing from sustainability tactics in fashion and handcraft, 
as well as design-for-disassembly practices [76, 27], this 
project investigates problems of sustainability and scalability 
in smart textiles by probing the variety of design possibili-
ties for disassemble-able smart textiles. Our project begins 
with an inquiry into locating and unraveling existing garments, 
focusing on identifying techniques that assist in this process. 
We took our fndings from unraveling knitwear to re-envision 
smart weaving techniques that might offer similar ease of un-
raveling, developing a technique of "warp overlaying" that 
increases the yield of usable yarn harvested from woven pro-
totypes. We then concertized our approach in the form of an 
extension to AdaCAD, a smart textiles design tool, and tested 
it by creating (and unraveling) a woven potentiometer (Fig. 1). 
Throughout this process, we saw a suite of possible interven-
tions throughout the weaving cycle to support disassembly, 
including hardware modifcations on the loom machinery and 
software modifcations in CAD. Specifcally, we discovered 
how software could be aware of material constraints while 
working within current representational formats. As such, 
the practice of tool-building led us to broader speculation on 
what tools and systems could both support and incentivize 
investment in recyclable smart textiles. We share descriptions 
of our process and the techniques we developed to inspire 
future directions for HCI design research into smart textiles 
sustainability. 

Our primary contribution is demonstrating how computa-
tional design can bridge developments across disciplines 
such as craft, textiles engineering, and materials science 
to advance sustainability. Specifcally, we want to bring 
researchers designing computational design tools into the ex-
isting conversations of design for disassembly and sustain-
able textiles. While our process yields insights through tool 
building, we acknowledge that capitalism, politics, and other 
sociological factors also make textiles unsustainable (e.g. we 
do not have sustainability problems because of our tools and 
machines alone). Yet, we see tools as a site for making unrav-
eling and reuse processes more available to users, enabling 
their own inquiry, exploration, and innovations. More interest-
ingly, we see this as a place where HCI practitioners can make 
a meaningful difference within broader economic and social 
fows. 

BACKGROUND 
Our research addresses ongoing conversations in HCI about 
smart textiles development, sustainable design, and computer-
aided design and manufacturing tools. Furthermore, our work 
connects related design work in other disciplines, such as 
fashion and industrial textiles. We look to specifc terminol-
ogy, practices, and programs within fashion and textiles (from 
both craft and industry perspectives) to inspire our approach. 
While some argue that the integration of circuitry and com-
putational abilities into garments can extend their lifespan by 

dynamically "updating" to meet current trends [60] or perhaps 
becoming refective artifacts containing aspects of our histo-
ries (through techniques such as [66]), we look to offer another 
perspective that focuses, and perhaps extends, the lifespan of 
the materials as opposed to the artifacts—thus allowing arti-
facts to be shaped, unshaped, and reshaped into novel forms. 
In this sense, we draw inspiration from a growing "design-
for-disassembly" movement that considers how designers can 
shape how their artifacts are used (and reused) [76, 27]. 

Fabricating Sustainable Textiles 
Within the domains of fashion and textile design, concerns 
for sustainability have become manifest in programs such 
as "slow fashion" [58] and "circular fashion" [28]. Practi-
tioners approach sustainability and slowness from multiple 
backgrounds, ranging from couture designers [59] and fashion 
scholars [26, 25], to professional craftspeople [24, 80] and 
self-taught makers [3]. In a handbook on sustainability and 
fashion, contributors call for research agendas that consider 
the systemic unsustainability of the modern textile industry 
and reframe the identities of consumer, production worker, 
and other stakeholders [26]. 

Some work in this domain envisions new manufacturing in-
frastructures for textiles that mimic the visions offered of ad-
ditive manufacturing but focusing on soft goods. Specifcally, 
Pamela Liou, a designer and technologist, envisioned a new 
form of cottage industry supported through an open-source 
tabletop Jacquard loom called Doti [43]. This is mirrored in 
companies like WOVNS that focus on fabricating small runs 
of user designed products [78]. Along with other technologies 
like the Kniterate, we are beginning to see workfows where 
users can print textile products on demand [38]. 

In parallel to the growth of "grass-roots" textile manufacturing 
equipment, new software protocols are being developed to 
develop fully shaped artifacts based on digital inputs [46, 1]. 
Such work contributes to our agenda by ensuring shapes are 
made from long continuous lengths of yarn, as opposed to 
separate panels that are cut to shape and bound with sewing 
machines. Our work contributes a perspective that specifcally 
focuses on weaving, a process that does not yet lend itself to 
easy unravel-ability in the same way as knitted objects. 

Weaving is one of the most common textile production meth-
ods (for denim, upholstery, etc) whose structures offer specifc 
supports for smart textiles development [15, 61, 77, 56, 48]. 
The exploration of woven smart textiles is further supported by 
the availability of hardware such as the TC2 digital jacquard 
loom [54], which specifcally offers industrial style weaving 
supports to prototype and small-run makers. In previous work, 
we have explored custom software for smart textiles design 
by creating AdaCAD, a program that builds upon weaving’s 
available notations and techniques [29] (a full summary of 
such notation can be found there). 

Approaches to Sustainability and Reuse in HCI 
For the past two decades, HCI’s interest in supporting sustain-
able innovation has grown dramatically. This includes projects 
that target behavior change on an individual level [21, 22], 

CHI 2020 Paper  CHI 2020, April 25–30, 2020, Honolulu, HI, USA

Paper 100 Page 2



Figure 2. The process of unravelling a knit garment and reclaiming its yarn. a) The initial garment. b) Separating the frst set of seams. c) The garment 
pieces fully separated. d) Unravelling each piece with the help of a yarn winder. e) Winding the unravelled yarn into loops to prevent tangles. f) The 
reclaimed yarn shown, after washing, with the original garment label. 

bring greater awareness to ones environment in terms of pol-
lutants [36, 11, 2], critical refection on how HCI plays into 
existing consumerist processes [5, 57, 63], or support social 
practices of sustainability such as urban foraging [20]. More 
recently, and joined under a broader theoretical framework of 
the Anthropocene, researchers have looked to broader meth-
ods as platforms for sustainable behavior. These include ap-
proaches that bring users in greater physical contact with the 
environment [44, 40, 42] or approaches that question the fun-
damental orientation of HCI as on that is focused on "ease of 
use" [42] to make space for new forms of perhaps challenging 
but otherwise meaningful and neccessary action [14, 19, 18]. 

Research specifcally focusing on practices of repair and 
reuse [35, 18, 17, 79, 73, 72] offer a productive intersection of 
sustainable-thinking and noticing through hands-on practices 
with broken or otherwise outmoded materials. This has taken 
the form of studies of "everyday design" [74, 45], through 
critical "deconstruction" activities [49, 50, 51] , and by ap-
proaching artistic practices of reuse through attending to the 
"life" of that which is being reused [34]. We draw from these 
projects to both become sensitive to what the practice of reuse 
entails while also exploring how one might "optimize" a de-
sign to make such practices more accessible and available to 
broad audience. In this way, we shift our focus from repairing 
artifacts whose forms are already set and made, to focusing 
on how we might make those forms to suggest repair from the 
beginning of their design. In this sense, we draw out work in 
line that explores fabrication with "salvage" [18] or otherwise 
spare materials [16, 39]. 

Unravel-ability of Knitted and Woven Garments 
Knitting and weaving are two distinct and common methods 
of industrial textile production that both form fabric by manip-
ulating yarn. In knitting, a single yarn forms interlocked loops 
which comprise the fabric, essentially creating a complex slip-
knot (Figure 3). A knit garment could be made using just one 
continuous length of yarn, which is why knit garments lend 
themselves more readily to unraveling. In weaving, two yarn 
systems are required: warp yarns along one axis, and weft 
yarns on the perpendicular axis. The warp is set up on the 
machine (warping the loom) prior to weaving, then the weft is 
inserted perpendicular to the warp, travelling over and under 
the warp to create fabric through these interlacements. This 
process is more diffcult to unravel, because each warp is a 

discrete, rather than continuous piece of yarn. Additionally, 
several practices of assembling woven fabrics into garments 
and products make additional cuts, and thus, reduce the num-
ber of usable lengths of yarn that can be extracted. 

Industrialized weaving further cuts the yarn. Many automated 
factory looms use a “rapier" mechanism that cuts the yarn after 
every row in order to speed up weaving [55]. This mechanism 
represents how weaving manufacturing infrastructure is opti-
mized for throughput, to produce as much fabric as quickly as 
possible, which trades off disassembly as a consequence. 

METHODS AND APPROACH 
This inquiry takes place in phases: 1) a "sensitization activity" 
focused in disassembling existing knit textiles; 2) applying 
our learnings from disassembly to inspire new structures and 
hardware modifcations to produce disassemble-able woven 
structures; 3) and encoding these practices into a design tool 
to both demonstrate the feasibility of this feature as a design 
default while also inspiring future visions of technical inter-
vention to promote and support reharvesting materials. These 
strategies represent a combination of several research through 
design methods in HCI. The idea of sensitizing oneself to a 
design space combines ideas from design anthropology [69] 
and refective design [67], immersing oneself as a designer 
and observer into an environment to understand how it took 
on a particular form. 

In our case, the environment of interest was the ecology (or 
lack thereof) that had been built around disassembling and 
reusing textiles. Targeting these values with probes in the 
form of technical experiments, we situated our role in the 
ecosystem as consumers and makers of textile goods, but not 
manufacturers [30, 32]. 

As an experienced knitter and weaver who learned these fber 
crafts alongside traditional engineering and science subjects, 
Wu was uniquely positioned for this exploration. Leverag-
ing their expertise in handcraft, our work seeks to emphasize 
embodied making processes and exploring through craft [33]. 
Our sensitization to values in disassembly and in the hand as 
a metaphor for the unseen, unrecognized labor in dealing with 
waste [65] led us to use the created tools ourselves in the vein 
of autobiographical design [52, 13, 12]. Taking a page from 
practices of design fction [37, 6], workbooks [31], and HCI 
amusements [14], we offer three concepts or design sketches 
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for future systems intended to spark the imagination of oth-
ers working HCI to consider default settings for sustainable 
manufacturing in textiles and beyond. 

Our later phases of work in producing a design artifact and 
describing the creative possibilities it inspired are speculative 
in nature. We acknowledge the limitations of our built pro-
totypes as a single research group, yet the narrative power 
of design fction from a small cohort of authors can compel 
larger groups to envision new futures [23]. In future work, We 
hope to continue this model of experimental units and creative 
exercises in order draw more connections between different 
technical and creative practices. 

PROCESS 

Sensitization: Unravelling Procedures 
A tactic found in slow fashion, as well as throughout craft 
history when necessitated by economics, is to reclaim yarn 
from existing garments, such as knitted sweaters from a thrift 
store. For instance, knitters in the Great Depression would 
unravel handknits that were less used to avoid buying new 
yarn [4]. We turn to these practices to investigate an existing 
site of disassembly and reuse in textiles, which tie into a larger 
ecosystem of waste management and recycling around the 
globe. 

As a frst step towards our study of unraveling, we sought to 
understand, from an embodied perspective, the process of both 
selecting and unraveling a pre-made garment. As such we 
took a trip to a thrift store to assess the availability of garments 
to unravel. At the thrift store, we could see that many knitted 
garments would be unsuitable for unravelling. While the afore-
mentioned properties of knit fabric (e.g. long continuous yarn 
in a slipknot) should generally result in more effcient unrav-
elling than woven, the rest of the garment fabrication process 
can affect the yield of usable yarn. This is because knitwear 
manufacturing is divided into two main categories. 1) cut and 
sew, where a large rectangular swath of fabric is machine-
knitted, then cut into pattern pieces and sewn together; and 
2) fully fashioned, where pieces are knitted with shaping and 
seamed without cutting. A third emergent category is whole 
garment knitting, a newer method where the garment is knit-
ted in one piece. Most of the garments in the thrift store (and 
produced internationally) are cut and sew and, as thus, our 
frst challenge was spotting fully fashioned knitwear, as these 
garments would produce the most long, usable lengths of yarn. 

Once we chose a garment to unravel, this element of reverse 
engineering and speculating on the garment’s fabrication con-
tinued. For instance, the garment in Figure 2 was fully fash-
ioned. To obtain the maximal amount of yarn from the knit, 
we needed to understand the order in which pieces were joined 
together and then, reverse when unraveling. This required 
analyzing the structure and "reading" its method of fabrication 
prior to unwinding. When cutting the seams to unpiece the 
knit, we found it easier to not only cut the seams in the reverse 
order of how they had been created, but also to reverse the 
direction of the seam and start cutting at its last stitch. Wu’s 
extensive hand knitting experience helped them intuit these de-
tails of fabrication. After unraveling the garment, we washed 

and wound the yarn into looped bundles to return the yarn to a 
ready-to-use condition. 

We continued to unravel eight garments of various yarn 
weights and materials. Most appeared to be commercially 
knit, while two of these garments appeared to be handknit. 
Both kinds of garments tended to follow similar templates 
for their construction order but different methods for seaming. 
After unravelling multiple garments with different yarns and 
construction details, we found some key principles for mini-
mizing time and maximizing reclaimed material which would 
inform our design tool: 

• One needs to understand the order of the fabrication steps 
that created the knit. Like cutting along the grain of wood, 
rather than against, unravelling a knit is easier when the 
the order of fabrication steps are reversed exactly. To sup-
port disassembly, designers should make the disassembly 
instructions clearly "readable" in their structure. 

• At fabrication time, designers should cut the material as few 
times as possible to maximize the total amount of yarn that 
can be harvested from deconstruction. 

We also speculated that certain design tactics within knitting 
systems could aid unravelling and reclamation. 

• Shape the pieces as they are fabricated so they do not have 
to be cut for sewing. 

• Design the garment to use fewer but larger pieces to mini-
mize the number of cuts in the yarn. 

• If using multiple yarns, keep the contrasting yarns in con-
tiguous areas to also minimize the number of cuts in each 
yarn. 

Our experience in unravelling these knitted objects created a 
heightened awareness of the time and labor invested in their 
fabrication, as we put in additional time and labor to undo 
the fabrication. Before this work, we had the misconception 
that commercial knits were nearly fully automated. However, 
in attending to the details and variations in manufacturing 
in each garment, we clearly recognized the touch of many 
hands throughout the process. Knitting machines, even when 
computer-controlled, require extensive manual confguration 
to place each stitch in the machine, and may even require 
hand manipulation for certain shaping methods and seaming 
methods [68]. 

Discovering the techniques and hands of other makers gave us 
a poetic sense of satisfaction in returning the yarn to an "origi-
nal" or blank state. As one takes apart the garment, its creation 
story is replayed rather than erased. While we understood the 
affordances of textiles to unravel, our sensitization process 
made us appreciate more of the refective value of unraveling 
and the unique capability of yarn to store its own history. 

While not central to our research focus, we wanted to con-
tribute our knowledge of useful unravelling to the community 
in the form of a zine and research video1. By choosing these 
formats rather than an online tutorial, we hope to foreground 
1http://sminliwu.github.io/projects/Unfabricate 
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Figure 3. Summary of structural differences between knitting and weav-
ing. Cut and sew versus fully fashioned manufacturing treats the edges 
of pieces differently. The yarns remain continuous in fully-fashioned 
knitwear. No such equivalent exists in industrialized wovens. 

the non-procedural elements of unravelling and encourage re-
fection during this practice. Figure 2 shows key frames from 
the research video, documenting the process from the initial 
garment to usable yarn. 

Designing for Unravelling 
From Knitting to Weaving 
From our sensitization exercise, we saw knitting as a design 
space that seems well suited to designed-for-disassembly smart 
textiles. However, the smart textiles feld includes both knits 
and wovens, among other fabrication methods, which may 
each pose their own challenges to designing for disassembly. 
Unlike knits, wovens are nearly always manufactured via cut 
and sew. Furthermore, many industrial looms incorporate 
mechanisms (e.g. rapier, projectile) which cut the weft after 
every row. As a result, many wovens available to consumers 
are almost exclusive composed of short pieces of yarn that 
would be diffcult to reuse. For a summary of cut-and-sew and 
fully fashioned in both knitting and weaving, see Figure 3. 

Shape Weaving 
In unravelling knits, we noticed some key features— 
continuous yarns and shaping—that enabled reclaiming usable 
materials from the fnished object. What if wovens were de-
signed with these features in mind to reduce waste not only 
during fabrication but in post-consumer stages? We began with 
looking to existing work in loom-shaped and fully fashioned 
woven garments to create shapes from continuous lengths of 
yarn. Shape weaving describes a process where weft yarn is 
restricted to portions of the warp, rather than span the entire 
width of the loom. These pieces could then be cut off the loom 
and separated. However, this leaves loose ends in the warp 
which would then have to be secured to prevent fraying. Thus, 
we looked for methods and adaptations we could develop that 
would create continuous threads along the warp and the weft. 
In a series of technical experiments, we wove non-rectangular 
pieces while iterating on methods for securing the warp to pre-
serve the shapes’ edges, evaluating them on set-up/fnishing 
times, potential wastage, and scalability. 

Industrial settings are indirectly designed against shape weav-
ing, since all wefts including inlay and supplementary yarns 
travel from edge to edge. This is likely to also be a manu-
facturing challenge for future woven smart textiles at scale, 
because circuitry favors continuous lengths of conductive yarn 
in narrow regions which may not span the width of the loom. 
With the advent of Jacquard looms for non-industrial settings, 
preparing a CAD fle for weaving is becoming accessible to 
more single users, leading us to believe that there could be a 
broader space for experimentation in shape woven structures 
outside of formal production settings. 

Figure 4. Diagrams of the three warp securement experiments. (left) 
experiment 1’s method of continuous weft and tying the cut warps, (mid-
dle) experiment 2’s method of adding one long continuous warp, (right) 
experiment 3’s more successful method of "pairing" each warp to sup-
port quick disassembly 

The following sections describe three experiments we con-
ducted to maximize harvestable yarn while supporting shape 
weaving. 

Experiment 1: Continuous Weft + Bound Warp: In the 
frst experiment, we kept the weft yarn continuous, cutting the 
warp and knotting the ends of the warps in small bundles to 
secure the shape. While this would be fairly easy to imple-
ment on a larger loom without any modifcations, this knotted 
warp method did not address warp yarn wastage as the warp 
would still be cut during fnishing. Furthermore, it would be 
extremely time-consuming to tie hundreds or thousands of 
knots in a larger piece (Figure 4, left). 

Experiment 2: Continuous Weft + Supplemental Contin-
uous Warp: In the second experiment, we explored using a 
continuous warp as well as a continuous weft to further reduce 
wastage. This sample was woven on a small sampler loom, 
where simple pins supported each bend in the warp yarn. As 
seen in Figure 5, this modifcation allowed the excess warp 
to be tightened against the shape’s edge. After weaving the 
shape, the weaver takes each loop of excess warp and tight-
ens it against the edge of the piece, locking the weft yarn in 
place. This selvedge (self-edge) technique creates a fnished, 
secure edge without any further cutting or sewing. However, 
this continuous warp method would be diffcult to scale to 
more complex looms, as the continuous warp would have to 
be manually threaded through several components within the 
loom (Figure 4, middle). 
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Figure 5. Modifying the woven structure to facilitate future disassembly 
with a continuous warp. a) The warp is initially in a rectangular area, 
with the weft flling the desired shape. b) The weaver tightens the warp 
to lock in the edges of the shape, leaving long ends of warp at either 
end of the piece. While this represents some waste, it is much less waste 
than generated by cutting the wefts, and warp yarns are often a natural, 
abundant material such as cotton. 

Experiment 3: Continuous Weft + Doubled Supplemental 
Continuous Warp: Our third and fnal experiment contin-
ued with the idea of continuous warp, but with the warp yarn 
doubled on itself in a series of loops. Each looped pair of 
yarns was handled together in weaving (meaning that each 
paired warp would be lifted or lowered at the same time, just 
as though they were a single thread), and a fnal catching row 
was inserted through all of the loops. This essentially creates 
a rectangular shape with a long continuous warps bound at the 
top by a catching row. To adapt this structure to the variable 
shapes of weaves (which may not be rectangular), we devel-
oped a process to tighten the warp, a variation on the method 
from Experiment 2. This is accomplished by pulling the ends 
of the continuous warp until it the warps and catching row 
conform to the boundary of the woven shape. This method 
results in a woven fabric which can unravel quickly once the 
catching row is pulled out of the edge. Furthermore, while 
there still remain several barriers to scaling to industrial weav-
ing, this last method seemed possible to scale to a larger piece 
on a more complex loom. For the remainder of our design in-
quiry, we used this doubled warp method for shape weaving in 
designing our smart textiles for disassembly (Figure 4, right). 

Modifcations to Physical Equipment 
We recognized that to weave larger shapes, such as garment 
pieces, we would have to adapt the loom machinery to accom-
modate our modifcations to the woven structure. In order to 
hold the looped warp yarn during weaving, we had to insert 
additional beams at the back and front of the loom to maintain 
tension on the warps. Figure 6 shows the process and result 
of this modifcation. Adding beams to a loom has some prece-
dence in other loom systems, where additional beams might 
be added to handle different tensions for multiple sets of warp 
yarns [24]. 

Equipment and physical tools shape the fnal product, and if 
the desired fnal product is not possible or easy enough with the 
current tools, it can often motivate shaping the equipment in 
return. The history of weaving and evolution of looms provide 
many examples of this symbiotic relationship between physi-
cal tools and craft object. For instance, many different looms, 
even a simple tapestry loom, can be used to weave velvet and 

Figure 6. (top) Developing new methods for maximizing the usable 
lengths that could be reharvested from woven fabrics required us to mod-
ify weaving equipment. These process pictures show how we inserted an 
extra beam into the loom to hold a modifed warp (on top of the more 
traditional and existing loom warp). (bottom) The additional warp struc-
ture is created by adding additional beams secured in front and back for 
shape weaving with continuous warp. 

other piled weaves [24]. During the Italian Renaissance, lux-
ury demand for ornate, multi-colored velvet prompted weavers 
to develop specialized looms in which individual threads were 
weighted and dispensed separately [75]. Different types of 
looms encourage different weaving techniques and design 
challenges. In scaling a technique for higher-volume fabrica-
tion and disassembly, designing equipment includes trade-offs 
that can affect the values we want to express throughout the 
process and in the fnished object. Industrial textile processes 
are not optimized for disassembly and reuse. In fact, their 
optimization for assembly speed actually makes them much 
worse for disassembly. 

This stage of material exploration informed later design tools 
to support such structures. By sampling several techniques 
quickly, we were able to see certain patterns in these tech-
niques, such as how to secure the frst and last few threads 
of each row when weaving. These techniques would later 
be implemented in our software tool as adjustments to the 
user-inputted draft. These experiments also directly provided 
insight into why knitting is easier to unravel than weaving: the 
fundamental structures of the two crafts impact their unravel-
ability. 

In designing and weaving these woven shapes, we had to 
consider both the desired shape and the fabric structure simul-
taneously. This process was unlike creating a swath of fabric, 
then cutting out a shape. Yet it was equivalent to weaving 
a shaped piece of a garment. We realized that cut and sew 
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garment-making lends itself to selecting the fabric apart from 
the garment’s construction. In contrast, a fully fashioned ap-
proach is a more tightly integrated process where the maker 
must consider the fabric’s and garment’s properties simul-
taneously. Thus, the garment emerges earlier in the design 
process. 

Figure 7. Example workfow of creating a shaped smart textile using the Shape interface. a) initial sketch of the piece’s shape. b) editing the shape 
and refning its edges according the yarn constraints. c) changes refected in draft view. d) flling the shape with the desired woven structure. e) adding 
conductive yarn to the design. 

Encoding Practices in Computational Design Tools 
The weaving draft has long been in use as a machine-
compatible format to communicate woven designs. Our pre-
vious work in AdaCAD combines features of different CAD 
practices to support integrated woven textile and circuit de-
sign [29]. The program provides a basic toolkit for editing 
drafts on a canvas, making visual patterns, textured stitches, 
and rectangular structures easy to insert into the design. To 
better support shape weaving, we incorporated fndings from 
our weaving experiments into an extension of the software. 
While we specifcally made an extension in AdaCAD, the fea-
tures could be integrated into any program that manipulates 
weaving drafts. 

Shapes from a Draft 
The key feature of this shape weaving extension is the addition 
of the Shape structure in the program’s model of a woven 
design. AdaCAD models the draft as an array of booleans, and 
previously did not track any higher-level details about the draft 
outside of which yarns were in use. While a user could create 
a structure (e.g. a pocket) and visually see the area on screen, 
AdaCAD would not be aware of which patterns or structures 
were in the draft. 

With the extension, the draft can have Shapes linked to it, 
storing information about where each Shape is located on the 
design. Each Shape is defned by the shuttles or yarns used 
to create it and stores the exact bounds of each row of yarn. 
Since the Shape tracks its exact placement in the draft, it can 
edit the draft appropriately to ensure the edges are secure. 
Furthermore, since the Shape tracks which yarns are used and 
the lengths of each row, we can now also calculate the amounts 
of yarn used in each design to support working with limited 
materials. By adding these data structures within the draft, 
we created a layer of abstraction between lower-level fabric 
details and higher-level shaping. 

Figure 7 shows an example workfow through the software 
from a users perspective. 

Design Artifact: Shape Woven Soft Potentiometer 
To encapsulate the various techniques and tools developed in 
our method for unravellable smart textiles, we created a proof-
of-concept woven electronic component designed with our 
software tool. We decided on a circle for its symmetry, as well 
as the technical challenge of creating a smooth curved edge in 
a low-resolution medium. This component uses the doubled 
warp technique described earlier (and depicted in fgure 5) to 
create its circular shape. The weaving incorporates a resistive 
yarn in an half-ring region, which allows the component to be 
used as an analog input (e.g. a position sensor or soft haptic 
slider). This particular resistive yarn also served as an example 
of the precious nature of conductive yarns and other emergent 
materials. Our lab had obtained a single sample of the yarn 
from a now-defunct mill, and we have not been able to source 
it or a replacement since. 

To create the Smart Circle shown in Figure 8, we used the 
shape weaving interface in our software tool to generate a 
draft. Starting in the initial canvas, we sketched a circle that 
flled the width. Then from this outline, we converted the 
region to a Shape, which allows us to refne the edges in a 
separate dialog and fll the Shape with the desired stitch or 
woven structure. Once this Shape established the foundation 
fabric, we then designed the sensing regions by creating new 
layers in the draft via the Shuttles menu. 

Once the draft was prepared, we exported the fle as a bitmap 
image for future use in a computerized loom. We then printed 
a large version to execute manually on a simple loom. This 
particular component was woven on a rigid heddle loom, a 
small, beginner-friendly loom that is also used for sampling 
by experienced weavers. Regardless of the type of loom we 
chose, the shape weaving required us to set up a continuous 
paired warp as previously described. This smart textile com-
ponent, by incorporating the various elements of a designed-
for-disassembly method, demonstrates how such a method is 
a combination of learned procedures, physical infrastructure, 
and computational design representation in a draft. 

We connected the Smart Circle to a simple position-sensing 
circuit. While this interaction and type of voltage-dividing 
circuit is fundamental to many systems, the textile nature of 
the Smart Circle suggested new designs for us. The texture of 
the sensing region was hard to distinguish from the soft ground 
fabric, and even the visual impact of the resistive yarn was sub-
tle. Aesthetically, we could imagine woven smart textiles with 
invisibly integrated electronic components that are designed 
for disassembly. Not only could sensing within the fabric oper-
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Figure 8. a) Woven Smart Circle component in use as an analog input in 
a circuit. b) Diagram of potentiometer controlling an LED for reference. 
c) Detail shot of integrated conductive material and the piece’s fnished 
edges. 

ate on hidden mechanisms, but the invisible doubled warp and 
other disassembly techniques would conceal the untold story 
of the smart textile’s fabrication. Only when a hand touches 
and works with the object, are its secrets revealed. 

The Smart Circle took about 1 hour of set up, 2 hours of 
weaving, and less than 15 minutes to unravel. The only waste 
from the fabrication and un-fabrication process was a yard of 
the abundantly-available cotton warp yarn which we trimmed 
after tightening. We recovered all of the precious resistive 
yarn. The time that we put into design and fabrication was not 
wasted—rather, we recovered the time. The yarn used in the 
Smart Circle will be used in the future for many more hours 
and prototypes. 

A DESIGN FOR DISASSEMBLY PROVOCATION 
Having explored designing smart textiles for disassembly 
along one route, we now invite other researchers to explore the 
space in their own ways. Through our work, we found the pro-
cess of designing to beneft from both technical explorations 
paired with sensitizing exercises. The unraveling/sensitizing 
exercises were useful for grounding the design principles in 
existing practice and conventions above privileging a solution 
that was specifcally "novel." Furthermore, it gave a more 
embodied sense of the time that is currently involved in under-
taking disassembly. 

A process that incorporates disassembly from the start might 
change our relationships with time during fabrication. Our 
shape weaving interface (and the entire process) forces the 
maker to slow down and use their time and work with the 
material. Disassembly functions as a challenging constraint 

to consider within this process. Pairing these sensitizing and 
refective practices in parallel with augmenting our software 
and hardware tools helped us see the tension points with exist-
ing equipment and infrastructures of textile production. While 
the tools we provide will necessarily limit the design space 
and the creative approaches, they might also provide new and 
unexpected aesthetics, such as unusual seeming patterns that 
emerged from a computationally generated sweater [7]. In 
this section, we discuss these themes that emerge not only in 
our work, but also other perspectives in sustainable HCI and 
computational design. 

Shift from Throughput to Longevity 
The effciency of manufacturing is generally measured in terms 
of throughput, the quantity of material or goods produced per 
time. What if we defned effciency as how long the material 
can last? We might aim to maximize longevity: the amount of 
time a material (independent of its object form) stays useful. 
Dew et al.’s 2019 work on crafting with waste material from 
makerspaces highlights how this question may not only help 
us refect on waste-producing processes, but also imagine new 
ways to salvage materials from being “unusable" [18]. Shift-
ing this argument from human actions to the tools complicit 
in these actions, we see that many design tools and fabrication 
machines could better support longevity in the materials we 
use. Could our tools and machines support continuous materi-
als, disassembly, and reuse by default? The modifcation of 
physical mechanisms and design tools in tandem illustrates 
that this is a challenge to be addressed through multiple chan-
nels, including design and manufacturing. 

We believe that this shift need not create more diffcult pro-
cesses. By designing tools to support disassembly, other val-
ues can bubble to the surface when we anticipate care and 
maintenance, rather than disposal, during design and fabrica-
tion. Craftspeople describe a certain joy with working with 
the material and repetitive, meditative motions [62, 25, 53]. 
Craft, especially contemporary craft which has shifted from 
subsistence to leisure, emphasizes joy and pleasure as a value 
in relation to time and labor. These craft mindsets are often 
compatible with “slow" and sustainable thinking [57, 58]. The 
more time a person gets to spend with the material, the more 
joy emerges during the process, and in the end, a higher-quality 
and longer-lasting product. 

Honor the Hands that Made the Materials 
Shifting the value of material production to quality time and 
longevity, rather than quantity and effciency, could also re-
frame notions of production environments. Effciency suggests 
a machine-dominated environment. As we see in commercial 
textiles as well as electronics, this is also an environment 
where human workers are invisible. We personally had the 
misconception that commercial textile production was largely 
automated, with human operators pressing a button on a ma-
chine. However, through unravelling, we saw that even in-
dustrial textiles still involve a lot of handcraft. Although the 
actual knitting or weaving is mechanized, textile production 
involves extensive human-machine collaboration, such as in-
dividually placing stitches on a linker and adjusting tension 
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as the machine runs. [55] Yet the hands are always there, in 
industrial processes as well as craft. 

As works in sustainable HCI show, humans will always need 
our hands to reckon with digital technology, and this man-
ual intervention is more apparent in developing economies. 
For example, Jackson et al.’s Repair Worlds [35] focuses on 
maintenance and repair practices in Namibia’s computing in-
frastructure, and Rifat et al.’s The Breaking Hand [65] focuses 
on e-waste recycling workers in Bhangladesh. In more devel-
oped countries, this labor is hidden by layers of intermediary 
infrastructure, contributing to the environmental impact of 
globalization, to which Raghavan et al. proposes “disinterme-
diation" as a sustainability countermeasure [63]. We believe 
that making manual work visible in the disassembly stages 
could further emphasize the hands that were present during 
assembly. What if clothes were designed for disassembly, and 
retailers encouraged the buyers unravel products themselves? 
This feature would be in line with design for disassembly 
principles, where disassembly is readily accessible and doc-
umented for any user [76]. Smart textiles products might 
include a “pull here" tag to cue the unraveller into the process, 
blurring the lines between user, maker, and un-maker. We 
would hope that the increased visibility of the hand and its 
owner, the worker, would also lead to recognizing the value of 
their labor through improved labor policies in manufacturing. 
As consumer-users participate in the embodied craft of unrav-
elling their own textile goods, they could individually engage 
issues of sustainability and repair in accessible, ongoing ways. 

Acknowledge the Histories and Futures of Materials 
Another consequence of industrialized textiles’ high through-
put is that most yarns, fabrics, and fnished textile products 
are cheap and abundant. While there are luxury fbers, they 
generally have a cheaper alternative that functions similarly 
(e.g. warmth, tactile feel, visual appeal). However, with smart 
textiles research introduces new “smart" materials such as con-
ductive yarns, carbon nanotubes, etc. These materials are not 
only rare and costly to manufacture, but crucial to the textile’s 
function. Wool and cotton were once just as labor-intensive 
to process, with entire communities spinning yarn from dawn 
to dusk to meet demand [4]. These materials are precious: 
expensive, scarce, and necessary to the design, and they need 
to be managed in their production and use. We could argue 
that with sustainability and post-growth [25], all materials are 
precious. 

Continuing to recognize and work with the history of our mate-
rials may also change our perspective on novelty and progress. 
While in technology development, we may emphasize “in-
vention", craft communities have a term for (re-)inventing 
something that was lost or forgotten: “unventing", recorded 
by famed knitter Elizabeth Zimmerman [82]. Many textiles 
craftspeople believe that there are no new ideas in techniques 
or tools in their practice, only new takes on old ideas. Rather 
than giving up on future work out of the fear that nothing is 
new, we can reframe this deep body of knowledge as fertile 
ground for new computational challenges. As Murer et al. 
noted in their design workshops on user interactions with de-
construction and “un-crafting", designers may glean broader 

experiential values about their users and imbue their artifacts 
with deeper meanings if they design for disassembly as an 
intentional action [49, 51, 50]. If smart textiles practitioners 
integrate the histories and futures of their materials into their 
design process, they would fnd many opportunities to engage 
with communities that have historically been labelled “back-
wards" and to revisit supposedly-failed ideas that may simply 
not have received enough time. 

CREATIVE POSSIBILITIES FOR HCI IN DISASSEMBLY 
While the practice of unravelling and disassembling is still 
emerging today, we can imagine a future where unravelling 
and reuse is an accessible and integral part of a smart textile’s 
lifecycle, and perhaps even in other forms of technology. The 
Unfabricate experiments that we undertook revealed many 
possible concepts which we will explore with more samples 
and more rigorous analysis. To inspire future work, we present 
three distinct, yet intertwined threads of possible development, 
illustrated in Figure 9. 

3D Shape Weaving for Garments 
Our design artifact in this paper was limited to a single fat 
shape, but the design allows for future integration with other 
shapes to produce a full garment. Craftspeople such as Jacque-
line Lefferts [41] and Holly McQuillian [47] have demon-
strated initial methods for approaching this challenge using 
a combination of computer aided design practices and weav-
ing structures. We might also see promises in approaches 
developed by Tao et. al in "CompuWoven" [71], which aims 
at producing 3D forms through basketweaving techniques. 
The paired warp method developed as part of this work could 
extend such practices to consider quick unweaving of "fully 
fashioned" woven garments. A related extension of this work 
may also involve experimentation with linking mechanisms 
and other seaming techniques on shape-woven pieces. Using 
techniques from fully fashioned garment making will continue 
this work’s dialogue with current textiles manufacturing pro-
cesses, as well as fashion design. For example, one could 
weave a sock heel or shoulder piece by weaving a concave fat 
shape on the doubled warp. When the warps are tightened, the 
fabric will naturally pucker and bend into a 3D curved surface. 
(Figure 9, top) 

Repairing and Modifying Yarn 
Unravelling presents an opportunity to renew the yarn of the 
original garment, beyond re-knitting or re-weaving the yarn 
into a new item. As the unravelling process involves winding 
the entire length of the yarn back onto a spool for reuse, the 
yarn could be repaired or re-coated as needed. More interest-
ingly, one could re-dye or paint the yarn as it travels through 
the spooling equipment. (Figure 9, middle) For example, in-
stead of using an inlay yarn to weave a fgure, one could paint 
a yarn with segments of color that would then stack to form 
the desired fgure. While this would be redundant with fab-
ric printing for conventional dyes, this yarn painting method 
would offer much greater control for special smart textiles 
pigments, such as thermochromic pigments [15]. Alterna-
tively, painting the yarn with repeating color patterns would 
result in abstract, semi-randomized patterns emerging in the 
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re-knitted or re-woven fabric, termed “pooling" by handknit-
ters [9]. Furthermore, in our software modifcations, we saw 
that encoding more material awareness, specifcally on yarn 
length and usage, allowed us to more precisely design shapes 
and fgures. These modifcations could be further developed 
so that future smart textiles CAD is not only aware of mate-
rial constraints (e.g. a specifc length of unravelled yarn to 
reuse), but could help the user work within such constraints to 
conserve precious materials. 

Modular Unravelling 
While this work was limited to completely unravelling a gar-
ment, there are design opportunities in supporting partial un-
ravelling. Our shape weaving and supplemental warp tech-
niques could be applied to select sections of a cloth, rather 
than the whole loom, to enable unravelling and replacing 
discrete patches or components. If a conductive component 
wears out, it could be removed, then repaired or replaced while 
leaving the base garment and the rest of the circuit intact. Par-
tial unravelling also recalls another practice in handcraft. In 
(hand) knitting and weaving, the crafts person can backing 
up a few steps, rows, or stitches if they make a mistake or 
want to modify the design. This reconfgurability means that 
the work in progress is not completely discarded as defective, 
as is the practice in manufacturing. If unravelling could be 
reframed as a continuous, natural part of the making process, 
it may suggest waste reduction strategies in designing textile 
manufacturing processes. 

Together, these three concepts present custom-ftting garments, 
custom-painted yarn, and modular, easy-to-repair garments. 
One could imagine a future where smart textiles are nearly 
ubiquitous in our clothing, vehicle upholstery, and interior 
decor. Let us continue to speculate that all of these smart 
textiles are also designed for disassembly and reconfguration. 
Not only would this future not have to contend with large 
amounts of e-textile waste, but humans could have an entirely 
different relationship with their textiles. A person could wake 
up in the morning, knit and weave their clothing and devices 
for the day, then unravel them in the evening. Rather than a 
closet full of clothes, they would have reserves of conducting 
and non-conductive yarn ready to go. 

CONCLUSION 
The idea of continuous fabrication, un-fabrication, re-
fabrication evokes a possible smart textiles ecosystem of 
reusable, reconfgurable items. In pursuit of this future, we 
began a design inquiry to designing smart textile for disas-
sembly. Leveraging recent advances in computational design 
and textile-based fabrication, as well as existing properties of 
knitted and woven textiles that have existed for centuries, we 
were able to identify principles of disassemble-able textiles 
in both knitting and weaving to create interventions at design 
time to facilitate disassembly. We focused on weaving as the 
more challenging design space for disassembly. Identifying 
various modifcations in fabric structure, physical hardware, 
and design software that could be made, we implemented a 
frst proof of concept of a designed-for-disassembly smart 
textile lifecycle. Our work demonstrates how computational 
design inquiries can draw in other dialogues from materials 

Figure 9. Sketches of three concepts in designing smart textiles for dis-
assembly. (top) Using the warp tightening technique to create 3D forms 
from fat, concave woven shapes. (middle) Introducing processes during 
unravelling which alter or augment the yarn. (bottom) Unravelling and 
remaking part of a garment to change its function. 

science, fashion, sustainable HCI, and textiles engineering. 
We encourage other designers, users, and makers to also ex-
plore how to disassemble and reuse their future smart textiles. 
The smart textiles feld uniquely lies at the intersection of two 
massive global industries, and leveraging textiles’ physical 
properties and rich histories to design for disassembly could 
inspire a more sustainable technological sector. 
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