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Figure 1: Three leno woven multistable textiles. Each repeat of the weave structure forms a column that can be moved by hand

and will stay in place until it is manipulated again.

Abstract

This paper presents the development of a set of multistable textiles,
emerging from a design exploration into leno weaving techniques.
In this structure, two warps cross around a weft yarn, creating
an open, yet strong textile. We propose that leno weaving offers
unique affordances for creating lightweight textiles with multistable
adaptive properties. Our work contributes to a growing discourse
on intelligent materials, particularly those that embed interaction
potential into their structure and behavior, rather than relying on
electronics. The multistable textiles presented in this paper are
particularly promising for interactive and wearable applications,
where users can actively engage with and adjust the properties
of the textile, such as support, flexibility, or breathability, through
reversible mechanical state changes. In addition to technical con-
tributions, we reflect on the design considerations and challenges
of working with traditional textile craft techniques, highlighting
the sustainable and creative potential that emerges from revisiting
these practices through a design research lens.

CCS Concepts

« Human-centered computing — Human computer interac-
tion (HCI);
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1 Introduction

Multistable structures are structures with two or more stable config-
urations under the same external conditions, without the need for
continuous energy input to maintain these states [37]. Researchers
have explored multi- and bi-stable structures with diverse materi-
als and fabrication techniques to create metamaterial mechanisms
[11], kirigami-based metastructures [33, 39], for compliant mecha-
nisms [38], and adaptive wearable interfaces [18]. In soft robotics
[7] and in textiles, origami folds and pleats can be used as a bistable
structure [25, 35].

Leno weaving, also known as gauze weaving or cross weaving,
involves twisting a pair of warp yarns around a weft yarn, resulting
in a strong and open fabric structure. Using this technique, we
developed a multilayer weave architecture that allows the textile
to transition between multiple states, driven by the interaction of
material properties and internal yarn movements within geometric
constraints caused by the twisting of the leno structure. The samples
can exhibit complex behavior, even though they can be constructed
from a single material. Our approach aligns with larger goals in
animated textiles [5], as these textiles have the potential to reduce
dependence on power sources and complex assemblies [22].

Here, we present a fabrication process for, and examples of leno-
woven multistable spacer textiles that were developed through
an iterative design process. We then reflect on the outcomes and
provide design considerations for future development of multistable
woven textiles.
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Figure 2: (a) Close-up of the cross-section (b) Top view, show-
ing weft thread movement as columns shift between different
states.

2 Related Work

Textiles are of interest to the HCI community for their ability to be
programmed at a structural level, enabling interactive (wearable)
interfaces that are soft, responsive, and seamlessly integrated into
everyday life [5, 9, 26]. Diverse textile techniques are used to create
animated textiles such as weaving, [2], felting [17], embroidery [12],
lace [13], and 3D printing on textiles [35]. In the context of weaving,
designing textiles that can shape change are often achieved through
the use of active yarns that shrink [6, 24, 28, 29], or dissolve [4, 16],
both of which result in irreversible changes.

Textiles with reversible shape change often rely on specialized
yarns such as Shape Memory Alloys [3, 15]. Researchers have devel-
oped shape-changing and actuated fibers [8, 14], embedded artificial
muscles [20], or achieved through creating auxetic textiles [32] (Z.
Wang and Hu 2014; Glazko et al. 2024). Reversible shape change in
textiles has also been researched in the context of textile-form [21]
to direct the change [23]. Recently, the use of cellulose-based yarns
to create a reversible change in textiles [30] has also been explored.

However, multi- or bi-stable textiles, where the textiles have
two (or more) passive states embedded in the structure, remain
rare. Through knitting, curved shells are developed that present
snap-through behaviour [19]. Although not explicitly designed as
multistable, some macro-form examples can be found in woven
textile-forms. For example, a twisting box that can lie flat or fully
expand into 3D form [31], or a textile interface where each end of the
textile can be pulled but will remain in that state until pulled further
or returned to its previous state [6]. Furthermore, a participant in
the same study identified the bistability of a pleated textile as an
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Figure 3: 3D Visualisation of the weave architecture.

interesting property for textile interfaces, as they were able to lock’
the sample and suggested that it could act as a switch.

In leno weaving, two (or more) warp yarns are paired together
(one ’standard’ and the other ’doup’ or ’crossing’), which are twisted
around the weft yarn by hand or using special leno heddles, locking
the weft yarn in place [1]. This locking effect makes leno weav-
ing suitable for preventing the edges of shuttle-less woven fabrics
from fraying and for creating mesh-like textiles that are breathable,
transparent, and strong. Although leno weaving has a long history
and is used in many traditional weaving practices [34], today, the
knowledge of the technique is disappearing [10]. Researchers are
also exploring the development of digital tools to preserve this
heritage [36]. While digital tools can help preserve and recreate
traditional weaving techniques, we believe these techniques should
also be actively engaged with and combined with new materials
and techniques to keep this craft in motion. Therefore, this paper
presents a material-driven, exploratory approach that aims to in-
vestigate the potential this technique can offer for future materials
and applications.

3 Multistable Leno Woven Textiles

The samples (Figure 2) and weave architecture (Figure 3) presented
in this paper emerged from a design research project exploring
the potential of leno weaving to create spacer fabrics. When first
working with leno, we observed the tendency of the weft yarns
to bend at the leno interlacement, caused by the twisting of the
warp yarns. We aimed to leverage this property to create 3D spacer
fabrics and developed a multilayer leno structure that forces the
weft yarn to be pushed upward or downward by the leno process
through the crossing of the warp yarns.

3.1 Fabrication of the structure

For this project, we used a CCI sampling loom with leno heddles.
In the leno heddles, two warp ends are paired together, creating
a set of leno yarns labeled A, B, and C (Figure 4). Because leno
weaving uses one (or more) standard ends and one (or more) doup
ends, these yarns have different consumption rates. Therefore, we
installed three warp beams to allow the yarn consumption to vary
between the standard and doup end of the leno. The warp, a black
monofilament (PES 0.22), was selected for its stiffness, which we
anticipated would support the bending effect of the weft yarns. The
weave architecture was designed to leverage the twist of the leno
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Figure 4: (a)The loom draw-in with three sets of leno, and below a view from above. To align sets A and B of the leno vertically,
these warp yarns are threaded through the same reed opening. To create the space between the middle and top/bottom leno’s,
empty reed openings are left between set B and C of leno. (b) cross-section and (c) Machine diagram for lifting the shafts

ends to bend the weft yarns in alternating upward and downward
directions. The structure, as depicted in Figure 4, was woven in
2.5 layers, where leno set A creates alternating directions of weft
A (up) and B (down), leno set B alternates weft C (down) and D
(up), and leno set C alternates weft B (up) and D (down). When wo-
ven with a monofilament, these yarns, due to their smooth surface,
can slide at different angles within the structure, but the locking
effect of the leno keeps the weft in place once the external force is
removed. With this weave architecture, we tested various monofil-
ament weft yarns and observed the different behaviors based on
their material composition and diameter. For example, a 0.2 mm
non-elastic monofilament produced a ‘snap through’ effect between
states (Figure 5a and b) and behaved as a planar multistable struc-
ture. In contrast, a 0.3 mm elastic monofilament allowed the textile
to transition more fluidly between states, and it is therefore possible
to ‘mould’ it into a form (Figure 5c and d).

We observed that the combination and placement of various
yarns within the weave architecture also significantly influenced
the multistable properties of the material. Specifically, positions
B and D require a yarn that is both smooth and stiff, as these
yarns mainly facilitate movement within the structure. However,
positions A and C do not require this stiffness, and can therefore
accommodate more flexible materials, such as polyester multifil-
ament yarns, as long as they do not introduce significant levels
of friction. Yarns with excessive texture, such as paper or wool,
disrupt smooth state transitions and prevent the material from
transitioning between different states.

3.2 Designing Multistability

The weave architecture in different yarn combinations presented
in this paper opens up possibilities for programmable mechanical
properties. The mechanisms contributing to the sample’s multista-
bility can be broken down into the microarchitecture, geometry,

536

and material composition. By varying these elements, the poten-
tial for programmable mechanical properties with leno weaving is
explored.

The micro (or weave) architecture presented in this paper can be
altered by changing the interlacement and arrangement. With leno
weaving, multiple wefts can be woven in the same shed, allowing
them to move closer together. In other sections, each thread can be
woven in a separate interlacement, creating more distance between
the wefts. The arrangement of threads can also affect the micro-
architecture. When there is a greater distance between the sets of
leno, the height of the spacer structure is increased, as the threads
have more space to move up or down. This could influence the
maximum angle at which the fabric can move, as there will be
fewer warp threads restricting movement.

While these samples have a uniform geometry, we see opportuni-
ties in exploring how leno weaving can be combined with jacquard
shedding, to allow for variations in structures in different zones
of the textile, particularly when combined with 3D and textile-
form weaving, complex textile geometries can be created [27, 29].
For example, we can envision using such structures to be embed-
ded in future 3D woven garments, creating states of wear, guiding
movement, or changing in response to external input or manual
deformations by the wearer.

Changing the material composition can be leveraged to change
the properties of the textile. Varying the weft selection down the
length of the textile could already allow multiple behaviors and
properties to emerge within one textile, for example, changing the
range of motion, height of the spacer structure, and elasticity of
the textile. Furthermore, the use of active materials, such as paper,
can also elicit other types of animated behavior, as shown in Figure
6. In the context of wearables, we envision that such structures
might enable future wearables and garments with complex behav-
iors based on material properties, movement, and manipulation,
resulting in possibilities for both dramatic expressive changes and
gradual evolutions of wear and fit.
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Figure 5: Four samples woven with the same warp yarn (PES
0.22mm monofil), but using different weft yarns, impacting
sample behaviour. a. PES 1100CS 150/s , b.PA 0.2mm monofil,
c. PES elastic 0.3mm monofil, d. PES 0.22mm monofil.

4 Discussion and Conclusion

In this paper, we present a fabrication technique, material samples,
and design considerations for creating multistable leno woven tex-
tiles for the HCI and design community. By sharing this fabrication
technique, we hope to inspire more explorations in leno weaving
and multistable textiles. We believe that by working towards mul-
tistable mono-materials, we can create animated textiles via their
inherent material potential for movement and active behaviour.
This, in turn, enables us to envision new kinds of unobtrusive wear-
ables that can be viewed as devices in their own right.

Leveraging material properties:Although textiles animated
through their inherent material properties are beneficial for sus-
tainability goals due to their reduced use of critical resources for
electronics and subsequent ease of recycling, they may also improve
user acceptance. In informal interactions with the samples, users
do not hesitate to interact with these seemingly ordinary textiles,
and are then delighted by the surprising multistable behavior. Such
novel and unexpected interactions may improve engagement and
extend the time it takes materials to be kept in use.

Learning from history and craft: While this paper is grounded
in a specific textile structure and technique, our motivation is
broader: to open up new material and interaction possibilities using
traditional weaving techniques. These traditional techniques, when
examined through a design research lens, can reveal overlooked
affordances and lead to novel material behaviours. By working with
and reinterpreting these techniques, we aim to expand the tools and
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Figure 6: A photo of a sample created using the weave ar-
chitecture, with paper yarns. When wet, the sample’s cross-
section expands, then flattens again as it dries.

material library available to designers of wearable and interactive
systems.

Limitations: So far, only a limited range of yarns has been
applied uniformly throughout one weave architecture. Future re-
search could explore the variables that contribute to this multistable
behaviour, including microarchitecture, geometry, and material
composition. Furthermore, there are challenges in working with
leno. The technique requires a specialised loom setup, and signifi-
cant weaving expertise, making it less accessible to inexperienced
weavers. However, the design considerations we describe can be ap-
plied to more widely available methods, such as jacquard weaving.
The multistable effects are observed in origami-like pleated textiles,
in some multilayer and unbalanced simple weaves. Although we
have personally observed and experienced the delight of interacting
with these multistable textiles, systematic user studies have not
been conducted. Future materials experience studies would help
to better understand how users respond to the novel textiles. By
articulating how multistability can emerge from the material and
structural interactions in woven textiles, we aim to stimulate future
explorations of multistable woven textiles.

Conclusion: This paper explores leno weaving as a technique
with potential for creating multistable, animated textiles. By de-
veloping a set of multilayer woven samples, we show how the
structural properties of leno, particularly its twisting and locking
behaviour, can be leveraged to enable reversible, passive shape
changes without electronics. The fabrication process and material
exploration presented here lay the groundwork for future explo-
rations that embed programmable mechanical responses into wear-
able and interactive systems, offering new directions for sustainable
and expressive textile design.
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