
Smart, Liminal, and Radiant Textiles

Despite a rich history of electromagnetic phenomena as a material in the 
artistic fields, the use of the phenomena as an expressive material in smart 
textile design is underrepresented. As a result, the research in this thesis sets 
out to establish foundational knowledge of how electromagnetic phenome-
na manifests in textile structures, beginning at the yarn level and expanding 
outwards toward the radiating fields of free space. This thesis presents a 
new type of smart textile: radiant textiles. 

Radiant textiles are electromagnetic textiles that are regarded for their 
radiating qualities of magnetic and electric fields. Radiant textiles exhibit 
spatial, temporal, sensing and actuation qualities. They sit in the liminal 
space of simultaneously “here” and “there”, of tangible yet intangible, visual 
yet non-visual, where their tangible physical form may be in no way indi-
cative of their whole spatiality, temporality, or aesthetic dimensionality. 
Such textiles can be explored for new expressions across the domains of 
electromagnetic fields, and have the potential to be designed as interactive 
textiles, or used in textile interactions, where they present as energy harves-
ters, radio-frequency (RF) body extensions, or sound-emitting surfaces, for 
example. 

The research explores methods and tools for sensing and working with elec-
tromagnetic phenomena and in doing so, opens up an exploratory field for 
textile designers to engage with such non-visual phenomena for the purpose 
of art and design. 
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The design of smart, interactive, computational, and electronic textiles involves working with 
unknown variables that expand the tangible dimensions of textiles. Non-visual concepts such 
as electromagnetic fields, electrical current, computational code, and the temporal attributes 
of materials that exhibit dynamic qualities require that textile designers be able to perceive 
and manipulate domains of the textile that extend beyond its conventional forms of expres-
sion. Through these qualities, the textile becomes an interface to otherwise imperceptible 
phenomena of electromagnetism, and thereby opens up to new textile design expressions. 
However, to do so requires a shift in the understanding of how fundamental textile concepts 
such as material, form, and expression interrelate to affect the expressive domain of the textile 
itself.

This research aims to describe the material attributes, characteristics, and expressions of elec-
tromagnetic phenomena as explored through experimental research methods, and suggests 
ways in which electromagnetic phenomena can be worked with as a design material for smart 
textiles. Further, it seeks to expand upon conventional design variables of textiles to include 
its electromagnetic domain. The experiments presented in this thesis suggest a framework 
for working with magnetic, dielectric, and conductive materials through textile techniques 
of weaving and knitting. The experiments point to the interrelationship between the textile 
material, structure, and form, identifying this triad as the key influencers that determine how 
textile expressions can embrace electromagnetic phenomena. 

The results of the experimental work are methods that show accessible ways for textile desig-
ners to visualize and perceive electromagnetic fields in textiles, such as sensing the impres-
sions of textile structures on the magnetic field using a method of scanned-surface imaging; 
perceiving electromagnetic fields using textile antennas and spatial exploration, resulting in 
sonic expression; and kinetic textile behaviours at the yarn level through magnetic interac-
tions. Furthermore, the design possibilities of the materials, methods, and tools suggested 
in this thesis are demonstrated through examples of interactive artefacts, e.g., in the form of 
ambient energy harvesting forest mobiles and radio-frequency (RF) body extensions. The 
results suggest the variety of electromagnetic textile expressions that can be created when 
methods and tools to perceive and manipulate electromagnetic phenomena in textiles are 
consciously utilized.

ABSTRACT
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INTRODUCTION Smart textiles have been defined as textiles that exhibit state-changing and temporal beha-
viours, and that have the ability to respond to stimuli (Kettley, 2016). In their design, smart 
textiles utilize materials such as conductive yarns, chromic inks, shape memory alloys and 
polymers, and fluidic actuators, for example. The inclusion of these and other smart materials 
allow textiles to exhibit unprecedented qualities of time-based, state-changing, and reversible 
expressions that can be computationally or electronically-controlled, and/or chemically or 
biologically responsive (Worbin, 2010). Smart textiles propose new methods of interacting 
with the world around us, where every textile suggests an interface that affords the sensing 
and transmitting of information, phenomena, and its expressions. As a result, conventional 
textiles have shifted from the protective and decorative to become smart and fluid artefacts 
capable of expressing their qualities in nuanced and multidimensional ways, opening to new-
found discussions as to the agential qualities of smart textiles (Igoe, 2018).

Correspondingly, smart textiles may be considered a form of post-digital textile: textiles that 
are longer resigned to their tangible material forms as they cross thresholds into digital and 
virtual realms. Designers working in these fields strategically slip between the physical and the 
digital worlds and practices to produce their artistic works, exploiting the agential qualities 
of materials and the networked world in which we are immersed (Igoe, ibid.). Smart textiles 
may be seen as fitting within this post-digital, liminal space through their physical materiality 
as digital-analogue textile artefacts combined with their ability to interact with systems and 
networks (electronically, computationally, biologically, chemically, and other transmutations 
of communication) such as the internet, satellite networks, physical spatial environments, di-
gital and virtual space, and as illustrated in the research found here, through interaction with 
electromagnetic fields. Smart textiles thus disrupt the dichotomy between material and im-
material, tangible and intangible, “here” and “there”. Their expression becomes not only the 
tangible qualities of the textile material itself, for example colour or texture, but their design 
expressions into these spaces, be it digital, virtual, or Hertizan (Dunne, 2005). 

Electromagnetic textiles exhibit spatial, temporal, sensing and actuation qualities, and can 
therefore be understood as a new type of smart textile. Electromagnetism is a discreet phe-
nomenon that, only through interaction, may be sensed. It is therefore the methods and tools 
used in the design of electromagnetic textiles that suggest how the phenomenon will be reve-
aled. The aesthetics of textile interaction becomes a thread that connects body-object-space 
into a cohesive artistic expression. In the research that follows, I explore the electromagnetic 
domain of woven and knitted textiles and their expressions in, through, and from, electro-
magnetic space. I question the boundaries of the textile expression, and whether it truly ends 
at surface and selvedge. I consider the ways in which a textile could express into the intersti-
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ces of its bindings, or outwards into the space surrounding it. In this process, I contemplate 
whether a textile could also be considered a matrix of energetic expressions suspended in 
time and space. 

As a material for textile design, electromagnetism opens to new understandings of textile 
material properties, new textile design methods to be worked with, and textile expressions 
that occur beyond our sensing abilities. In this liminal space between tangible and intangible, 
yarn selection becomes not only about material composition, twist, or thickness, but of a 
yarn’s ability to stimulate and be stimulated by electromagnetic waves. Between the disparate 
scales of materiality that electromagnetic textiles present, the structures that build the textile 
become not only scaffolds of bindings and interlacements, but complex matrices of contacts 
points that concentrate electromagnetic energy in their crevices. The surface of the textile 
becomes not only the expressional site of texture, where structural forces push yarns upwards 
and outwards, only to draw them back down again, but the meeting place of materialities 
-matter and energy- and the site where new textural qualities are carved in the air. These are 
electromagnetic textiles. 

The work introduces new notions that expand upon common understandings of foundatio-
nal textile notions. The design of materials, methods and tools build the core of the experi-
mental work, where sensing, actuation, and interaction possibilities are considered throug-
hout. Some of these materials, methods, and tools are exemplified in the set of examples that 
covers interactive textiles and textile interaction designs. The results of this research begin 
to build the notion of radiance as a textile quality that affords new smart textile expressions, 
interactive textile expressions, and textile interaction design aesthetics. Further, the research 
suggests that radiant textiles as a new type of smart textile. 

Publications 

Lewis, E. 2021. Between Yarns and Electrons: A Method for Designing Textural Expressions in 
Electromagnetic Smart Textiles, NORDES 21, Kolding, DK. 
This conference paper presents the notions of electromagnetic texture and electromagnetic 
fusion as qualities of electromagnetic textiles. The paper demonstrates the magnetic textile 
surface scanning method to produce area-based surface visualizations of electromagnetic 
field expressions around conductive textiles.

Lewis, E., 2020. Abstract Everywhere: Dressing in Electromagnetic Atmospheres. Unlikely: Jour-
nal for Creative Arts, 6.
This journal paper presents a series of knitted interactive textile antennas that express electro-
magnetic field qualities through sonification driven by spatial interaction. The paper argues 
first that wearable textile antennas are a form of ‘technological dressing’, and second, that 
wearable textile antennas express multidmensional qualities that extend the semantic quali-
ties of dress and the act of dressing as described by Barthes.

Lewis, E., 2020, July. Disobedient Antennas: Breaking the Rules of Textile Antenna Design. In 
Companion Publication of the 2020 ACM Designing Interactive Systems Conference (pp. 461-
464). 
This is an online exhibition and conference paper for Designing Interactive Systems (DIS) 
Conference 2020. It presents a series of knitted textile antennas connected to an electronic 
circuit board that sonifies electromagnetic fields. Participants were invited to wear the ob-
jects to explore the exhibition space through this extra-sensory experience. However, due 
to COVID-19, the conference and exhibition were moved online. The exhibition of these 
objects was presented in the form of photo and video documentation, along with a curatorial 
statement on the conference exhibition website.

Lewis, E. and Stasiulyte, V., 2020, February. Sound-Based Thinking and Design Practices with 
Embodied Extensions. In Proceedings of the Fourteenth International Conference on Tangible, 
Embedded, and Embodied Interaction (pp. 889-892). 
This is a studio workshop and conference paper for Tangible Embedded and Embodied In-
teractions Conference (TEI) 2020 in Sydney, Australia. The paper presents two different mo-
dalities of spatial listening through the design of experimental body extensi- ons: one set of 
analog objects and one set of RF-based (radiofrequency) textile objects. This paper presents 
a method of exploring and documenting immaterial spatial qualities through body-based 
interactions.
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Hartman, K., Kourtoukov, B. and Lewis, E., 2018, March. Kinetic Body Extensions for Social 
Interactions. In Proceedings of the Twelfth International Conference on Tangible, Embedded, 
and Embodied Interaction (pp. 736-739). This is a studio workshop and conference paper that 
discusses the socially-expressive qualities of wearable kinetic electronic textiles on the body. 
It presents a system for designing kinetic electronic textile forms on the body using textiles 
and textile-like materials for protyptyping (e.g. lightweight paper) and explores social expres-
sions through wearing of the kinetic system. This paper supports the idea that textile interac-
tion designs are often not individual objects but rather entire systems at work.

Hartman, K., Kourtoukov, B., Colpitts-Campbell, I. and Lewis, E., 2020, July. Monarch V2: An 
Iterative Design Approach to Prototyping a Wearable Electronics Project. In Proceedings of the 
2020 ACM Designing Interactive Systems Conference (pp. 2215-2227). This pictorial paper il-
lustrates the iterative design approach undertaken in the process of creating a textile-based 
electronic interactive wearables in the context of design research. It serves to illustrate the 
level of detail and consideration required when designing textile-based interaction systems 
for the body.

Lewis, E., 2018. Design Potentials of Magnetic Yarns. In 8th European Conference on Protective 
Clothing, Porto, May 7-9, 2018. This poster and conference paper presentation gives a detai-
led overview of the experimental work of creating paramagnetic yarns through a process of 
hand-painting existing yarns with ferrofluid, and suggests the design potentials based on the 
resulting qualities and behaviours of the yarns. 

Other Research Dissemination 

Radiant Textiles, Conference Presentation, ArcinTex Network Conference, Borås, Sweden, 
2020 

Electromagnetic Expressions in Textiles, PhD Panel, Arcintex Network Conference, Jiang Li-
Liverpool University, Suzhou, China, 2019

Electromagnetic Textiles, exhibition of research artefacts to the public, Nobel Museum, Stock-
holm, Sweden, 2017
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Smart textiles are textiles with extended functionality afford by computational, electronic, 
and emerging materials e.g. shape-changing, nanoelectronics (Berzowska, 2004, 2005, 2005a; 
Beuchley and Eisenberg, 2008). Smart textiles are a new material paradigm for textiles, where 
the existing methodology of textile design is maintained and new elements are brought forth. 
They are interfaces between digital and material realms (Heinzel, 2015) through their sen-
sing and actuating properties, and thereby open new possibilities for use and interaction 
both on the body and in the environment. Smart textiles find their roots in human-computer 
interaction (HCI) (Joseph et. al, 2017), where they have been seen as a material through 
which computational capabilities can be expressed in tangible and embedded forms (Ishii, 
1997; Dourish, 2001; Robles and Wiberg, 2010). In this context, textiles have been used as 
substrates through which computation “disappears” (Weiser, 1994) where textiles are inter-
faces between “cyberspace and physical environments” (Lim, 2012) and composites through 
which computation becomes material (Bergström et.al, 2010, Vallgårda & Redström, 2007). 
However, through this approach, textiles play host to computation and electronics (Bredies 
in Dumitrescu et. al, 2020) and as a result, the complexity, precision, and highly technical 
work of textile design is largely overlooked. From a textile perspective, an ambition of smart 
textiles is the seamless integration of computational, electronic, and emerging materials at 
the level of the fibres within the yarns and the structures of the textiles (Tao, 2015). When 
the smart textile design process regards textile design methods and techniques for holistic 
integration of these materials, the richness of material expression that textile design affords 
can best be accessed (Winters, 2016; Townsend et. al, 2020). 

Broadly, in traditional textile design there is a focus on the sensorial expression of textile 
materiality that is mainly achieved through the interlacement of tactile and visual variables in 
the design process. The resulting expressions relate to the tactile qualities (softness, texture), 
surface qualities (sheen, luster), and visual aesthetics (colour, patterning, lustre, visual tex-
ture), in addition to performance and functional qualities (breathability, robustness, wicking, 
elasticity) (Sinclair, 2014). At the onset of the textile design process, designers must make de-
cisions of which technique or combination of techniques best fit the function of the material 
(Gale and Kaur, 2002), as each technique uses a broad range of design methods and materials 
(Steed and Stevenson, 2020). Decisions regarding surface and textural qualities; structures 
and bindings; yarn topologies; colour and patterning; as well as understanding the limitations 
and affordances of production methods (e.g. hand-knitting machines vs. industrial knitting 
machines; handlooms vs. industrial Jacquard looms) are all considerations at the onset of 
the design process for constructed textile design (ibid. p.73). Within this design space the 
designer’s reach extends widely, from designing at the scale of the fibres that comprise the 
yarns, to the design of interactions at the scale of the textile in the environment. Designers 
must manage this wide array of variables while simultaneously regarding the overall textile 
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expression. Textile design can therefore been seen as a multi-layered process where the act of 
designing occurs concurrently between micro and macro scales. 

In the design of smart textiles, design variables that stem from the inclusion of computatio-
nal, electronic, and emerging materials are introduced into the design space. These materials 
present the complexities of temporal variables, state-changing, and recurrent and recursive 
behaviours, and have led to an ongoing call for new methods and terminologies that address 
these qualities (Berzowska, 2004, 2005, 2005a;; Hallnäs, 2008; Worbin, 2010, Kettley, 2016;). 
Worbin states: 

To develop a design practice that includes all these new expressive, and impressive, 
materials, we need to further develop our understanding of them as design materi-
als; we need to learn how to master these materials to able to include them in our 
toolbox. How could a designer possibly choose a colour when we do not know what 
actual colours will be shown? Random expressions could be fun in some situations, 
but to be able to control and use the changes we need to know more about the mate-
rials as well as finding new design methods and vocabulary to describe and discuss a 
colour that could be green at one time and bright yellow the next. (2010, p.15)

Here, Worbin alludes that the expressive qualities of these emerging materials are contrary to 
the practice of textile design, where conventional material qualities have otherwise remained 
relatively constant e.g. silk yarns produce a soft hand, linen is rough and tacky, mercerized 
cotton adds additional sheen, highly twisted yarns increase textural variation, etc. For smart 
textiles, the material at hand may be conductive yarns and coatings, nanofibres, phase-chan-
ging materials, computational and electronic materials that lead to shape-changing, colour-
changing, and other dynamic expressions. Manzini has referred to materials such as these as 
“unstable” materials that counter the “stable” materials of the past, for example wood or stone 
(1986, p.31). To be unstable is to have a shifting expressions over time, e.g. a blue textile that 
is sometimes green; a flat textile that is sometimes domed. He further suggests that designers 
approaching materials no longer ask “what is it?”, but rather, “what does it do?” (ibid., p.34). 
Echoing Manzini, Bergström et. al, (2010) have described this class of changing materials 
as “becoming materials”, that is, materials that “come to be, or become, only over time and 
in context”. Bergström et. al. asserts that while these materials present opportunities for de-
signers to program material behaviours, they also reveal the boundaries of design methods, 
where “previous approaches no longer suffice for relating to an expanding range of complex, 
context-dependent functions and expressions, for which experiential references and design 
precedents hardly exist” (2010). The call for new methods and terminologies, while it has 
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been made repeatedly in the context of textile design (Berzowska, 2004, 2005, 2005a; Worbin, 
2010; Winters, 2016;  Kettley, 2016), are also made in neighbouring art and design practices 
that access these temporal, state-changing, recurrent and recursive materials, for example 
in interaction design (Hallnäs, 2008). In smart textile design, where such materials are con-
stantly being introduced, the call can therefore be seen as a constant need for methods and 
terminology as these materials and practices intermingle. 

Aesthetic concerns evoked by these materials in smart textile design are in part based on the 
temporal expressions that they afford. Mossé points out that textile designers are generally 
not trained to express their ideas through temporal concepts and qualities, thus those wor-
king in smart textile design need to become increasingly aware of temporal aesthetics and 
possibilities (2020). Hallnäs and Redström suggest a temporal aesthetic counter to the nor-
mative fast-pace of technologies, where the expression of time is often condensed, collapsed, 
or hidden from the user. They argue for an aesthetic of “slow technology” where time is a 
quality of the interaction aesthetic, noting that such an expression can amplify the presence 
–not the absence—of time (2001, p.209). This aesthetic can be seen in smart textile examples, 
for example in the woven textiles of Devendorf and Di Laurio, where the thermochromic 
colour change at the yarn level produces a painterly effect at a meditative pace (2019), or the 
morphing garments designed by Ying Gao (Gao, n.d) that change in response to environme-
ntal sound, or the proximity of others to the wearer. 

These time-based qualities suggest qualities of rhythm, tempo, and pacing, which can be ex-
ercised through the modulation of electronic signals to produce change in the textile. In her 
doctoral thesis, Jansen (2013) explores activating textile structures through rhythmic light 
expressions produced by fibre optics. Through the aesthetic of visual rhythm, different layers 
and sections of textile structures increase and decrease in brightness in cyclic pulsations, 
providing a new visual perspective for observing textile structures. Similarily, textile patterns 
printed with thermochromic inks allow for variable visual rhythm “between the colour hues 
and tones” that, depending in the intensity of the heat source, “can create disruptions in the 
central activity, but might also introduce moments of reflection and rest” (Dumitrescu et. al, 
2018, p.317).  State-change, and by extension ‘recurrence’ and ‘recursion’, as time-based beha-
viours in smart textiles are applied at either material levels, for example with shape-memory 
alloys that are set in their forms prior to integration into textile materials; or programmati-
cally through computational or electronic controls, for example via microcontroller systems 
such as Arduino (Arduino, n.d). Whereas rhythm involves the aesthetics of frequency, state-
change can also be expressed through the quality of magnitude i.e. how much to change, in 
addition to how often. For example, pulsing a shape memory wire with half of the required 

SMART TEXTILE DESIGN
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electrical current results a half-change deformation, whereas pulsing it with the full current 
requirement result in the full expression of the deformation. State-change can be an aesthetic 
time-based expression on its own, where a textile programmatically deforms its shape with a 
time frame; or it can triggered through interaction as a form of graded feedback. For example, 
a state-change may only occur when a certain condition is met, e.g. when tactile pressure 
meets a threshold, the textile exhibits change. 

The ways in which these aesthetics relate to the technologies that drive the textiles is also of 
importance. As Orth questions, “is there something meaningful between how the piece is wo-
ven and how I program it? Is there a place where the software becomes related to the textile?” 
(Orth in Pailes-Freidman, 2016, p.136). This space that Orth identifies -the relation between 
the software and the textile- a zone that encompasses key smart textile design variables such 
as temporality and spatiality. It is the relation between the software and the textile that defines 
the expression and aesthetics of both textile and interaction. 

Orth’s question to herself also suggests that there is a holistic design perspective to be made 
towards smart textiles, where qualities of the textile gestalt (as a system of material selec-
tion, technique, structure, surface, and shape) are inextricably linked to the other proces-
ses of smart textile design i.e. computational and electronic materials such as algorithmic 
behaviours and programmatic decisions. Through this awareness of intersections across the 
multiple layers and scales within the design, Orth acknowledges the expressional potentials at 
all levels, and through all materials and their intersections within a smart textile design. This 
suggests a degree of cohesion to the design that is not attainable when the textile component 
of smart textiles is merely a substrate for hardware. Consequently, the design of smart textiles 
can therefore be seen as working within a highly complex and “entangled” space with “tech-
nological compositions”, and doing so “without ever losing sight of the expressive potential of 
the work” (Kettley, 2016, p.145).

Smart textiles as post-digital artefacts

Turning towards the discourse of post-digitality found in digital humanities, critical digital 
theory, software studies, and media studies (Taffel, 2015), smart textiles may find kinship 
with the notion of the post-digital as it offers a contemporary and contextual perspective that 
highlights smart textiles for the spatialized, temporal, and relational objects that they are. 
The post-digital is seen as framing the cultural moment where the saturation threshold of 
digital technologies has already passed, and yet continues to occur (Barry and Deiter, 2015, 
p.5). Cramer describes the term as identifying a subtle cultural shift and ongoing mutation of 

digital culture: it is not a linear trajectory but multiple trajectories responding to normative 
cultural computational society. It gives rise to notions of “neo-analogue” and “off-internet” 
(Cramer, 2015) demonstrated by,  for example, fashion tech garments with increasingly dis-
crete functionalities that, rather than adopt sci-fi aesthetics, present as status quo, daily wear 
fashions. The physical-digital duality of smart textiles that arises from their computational 
and electronic material inclusion in conventional materials and processes suggests that texti-
les are longer resigned to their tangible material forms; they cross thresholds into “digital and 
virtual realms” (Igoe, 2018). Thus, Igoe has proposed that textiles are now ”post”. Notably, the 
use of the pre-fix ”post” in ”post-digital” is, as Cramer explains, 

 ...not [to] be understood in the same sense as post-modernism and post-histoire, but  
 rather in the sense of post-punk (a continuation of punk culture in ways which are  
 somehow still punk, yet also beyond punk)...post-feminism (as a critically revised  
 continuation of feminism, with blurry boundaries with ’traditional’, unprefix femi 
 nism) (2015, p.13)

Post-digital is not a notion in opposition to digital culture, rather it can be seen as a form 
of normalization, where textiles are designed in the context of the digital saturation that we 
move through and carry with us (Obrist in Openshaw, 2015, p.12). In this post-digital space 
that smart textiles blur the distinction between the digital and the analogue, encompassing 
as both “spatial and materialized…embedded within the environment and embodied, part of 
the texture of life itself but also upon and even within the body” (Berry and Dieter, 2015, p.2). 

Smart textiles mediate our experience with computational and electronic technologies th-
rough tangible textile materials that are often familiar and comfortable to us. Yet for the 
tangible textile material that we hold in our hands, smart textiles may simultaneously exhibit 
a virtual, or non-visual presence that is expansive, traveling complex pathways through com-
munication networks that span the globe. In this way, they may be seen as multidimensional 
objects, or “objectiles…that seemingly fly through air to make connections between things”, 
spaces, and networks (Obrist in Openshaw, 2015, p.13). Thus their tangible physical form 
may be in no way indicative of their actual spatiality, temporality, or aesthetic dimensionality.  

Post-digital aesthetics have been described in predominantly two ways: on one hand, there 
may be the sleek integration of digital into analogue, or the analogue into digital (Taffel, 
2015). The former can be seen in highly defined digital artifacts that exude hyperrealistic 
representations of tangible materiality, for example the 3D animations of Julia Kranz (magic-
fabricblog.com, n.d.). In clips rich with saturated, bright colours, Kranz presents represen-
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tations of textile materials transforming in ways that go against the natural laws of physics, 
such as impossible unthreading of constructed textiles, morphic textile generations, and tex-
tile explosions. For the latter, Google and Levi’s collaboration in Project Jacquard (Jacquard 
by Google - Home, n.d.) uses discrete communication technology embedded seamlessly 
into a denim jacket. Through touch surfaces using embedded woven sensors, the jacket 
controls mobile phone apps, smart home functions, or tracks fitness activities, all through 
casual gestural interaction and while maintaining the appearance of a basic denim jacket. 
This demonstrates refined, integrated, digital technologies embedded into an otherwise non-
computational, non-electronic material object, which can then be considered an example of 
a post-digital “composite garment”.

A second aesthetic approach is to reveal the boundaries of computational culture (Taffel, 
2015). This occurs primarily through the aesthetics of technical glitches, where malfunctio-
ning in computational and electronic devices or communications used by an artwork or 
designed object are in focus. Cascone describes this aesthetic as being “concerned with fo-
regrounding the flaws inherent in digital processes”, and as a “valorization of what previously 
would have been seen as noise” (2000). These moments of malfunction suddenly bring the 
boundaries of computation and electronics into awareness, breaking the enchantment of our 
interaction with them, a quality that Landin refers to as “fragile interactions” (Landin, 2009). 
Smart textiles that exhibit this aesthetic include Orth’s 100 Electronic Years, a wall-mounted 
woven textile printed with thermochromic inks that fluidly changes colour based on pro-
grammed routines (100 Electronic Art Years, n.d.). Orth describes the condition of this work:

…thermochromic ink is a short-lived, fragile-thing compared to stone and steel. 
And over time, the ink on my pieces fails to return fully to its original dark color. 
Eventually, the brightly colored areas will be permanent. As an artist, I struggled 
with the impermanence of color-change textiles for years. But I now see their failure 
as emblematic of the failure of all technology: the ionization of a transistor; the decay 
of LEDs and pixels; the obsolescence of operating systems noise” 

Here, Orth identifies the shortcomings of the materials used in order to create an electronic 
textile artwork of this kind. Smart textile design occurs in a place where the materials and 
components are rarely refined enough for their context, and where they can withstand the 
course of time, and as a result, fall victim to obsolescence or material degradation. This beco-
mes a unique form of glitch aesthetics in the context of smart textiles. Orth situates her work 
further within the post-digital aesthetic by choosing to reveal the electronic circuitry and 
wiring that make up the artwork. In doing so, she contrasts the meditative quality of the art-
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work by breaking the enchantment of the piece for the viewer, leaving the viewer to grapple 
between states of being able to know how it works, while perhaps not wanting to know how 
it works. This disjuncture positions the artwork as being squarely between the boundaries of 
disparate materialities, between computation and cloth, and yet simultaneously it reads as 
symbolic of the cohesion of these two worlds. 

It is not only the hybridity, multidimensionality, and aesthetics of smart textiles that situates 
them in post-digital liminality, but the complex practices that occur within the smart textile 
design space. Smart textiles are designed through recursive relations spread across an amal-
gam of textile handwork, digital tools, and industrial processes, and are fueled by substantial 
material knowledge and technical skill in order to achieve the temporal, state-changing, and 
interactive qualities that characterize them. Moxey (1999) refers to the role of the textile de-
signer as “part artist, part technologist, and part social scientist”, as designers must draw from 
a nexus of knowledge found in seemingly contrasting fields, across materials and techniques, 
and working through the translation of concepts, notions, and terminologies across discipli-
nes (Townsend et. al, 2017). Moreover, in the process of designing, designers not only zoom 
in and out of scales between yarns, textile, and interaction, but they must also work laterally, 
trading weaving yarns for solder connections, knitting patterns for programmatic states, and 
back again. The smart textile design space is thus dramatically increased from that of conven-
tional textile design, involving more disciplines, more variables, and other dimensions of the 
textiles that may not be addressed in conventional textile design, such as electromagnetics 
or telematics. 

The practice of smart textile design itself is a state of liminal “in-between-ness”, qualified by 
its multiplicities across material states and expressions, but also disciplines and dimensions 
of design. It is a matrixial design space, a decentralized practice through within which there 
are numerous perspectives to approach it. E.g. smart textile design from a textile perspective, 
smart textiles from an engineering perspective, smart textiles from a material science per-
spective, etc. Smart textile design may therefore be considered a practice that both produces 
post-digital textiles, and that is also performed within the post-digital space of liminality, 
blurring disciplines and expressive domains.  
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As a research field, smart textile design expands the practice of textile design with different 
perspectives. When the dynamic designs of smart textiles also open to interaction, smart 
textile designers can benefit from drawing on the richness and expertise of the interaction 
design community with regards to interaction design considerations. Likewise, as interac-
tion design has met its material turn (Robles and Wiberg, 2010), interaction designers have 
turned to textiles to explore the potential of computational and electronic textile interactions. 
This shared meeting place between smart textile design and interaction design creates an area 
of rich multidisciplinary overlap that has resulted in novel examples of textile interaction 
design, while also presenting classifications within which to situate the textile designs. 

The material turn in interaction design and a collective drive towards hybridized, sensing, 
and responsive physical-digital objects (Höök and Löwgren, 2021) has generated significant 
interest in challenging the conventions of computational form by embedding computational 
functionalities (via electronic materials) into other material substrates (e.g. wood, textiles), 
thus becoming computational composites (Vallgårda and Redström, 2007). As composites, 
there is a focus on the relation between intangible computational materials and tangible ma-
terials (Wiberg, 2018, p.110), suggesting that interaction design in the current day is more 
about composing hybrid materials that blur the boundaries between digital and physical 
(Jung & Stolterman, 2012; Kwon et. al, 2014) and the interactive qualities and expressions 
that this relationship affords (Gibson, 1977), for example in textiles and fashion. The material 
turn has resulted in designers re-exploring a vast array of traditional materials and consi-
dering ways to extend their properties through material interactions (Giaccardi & Karana, 
2015; Fernaus & Sundström, 2012). 

The dynamic qualities that can be found across material interactions move towards Ishii’s 
vision of ”radical atoms”: physical materials that are able to “transform [their] shape to reflect 
underlying computational states and user input; conform to constraints imposed by environ-
ment and user input; Inform users of its transformational capabilities (as dynamic affordan-
ces)” (Ishii et. al, 2012). Radical atoms strive for enriched qualities of material interaction, 
that are stimulated at nanoscales within the material; where the material is context-aware and 
agential. These qualities are inherent to the materials that express them, moving away from 
hidden electronic control into fully-integrated sensing and actuation. The notion of radical 
atoms carries similarity to the textile-driven perspective of the ambition of smart textiles 
that are designed with computational, electronic, and emerging materials embedded within 
the fibres, yarns, and structures of their making. While textiles in their most basic way ex-
press inherently interactive qualities, smart textiles allow for new kinds of interactions to take 
place that are otherwise not achievable without the addition of electronic/computational, 
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The “doing” that Toomey points to is the interactive qualities that textiles afford. This suggests 
that the textile system is not a neutral entity apart from others, rather it is actively mediating 
and interacting between persons, environment, and phenomena. In textile interaction design, 
the affordances of the textile and its interactors (persons, environment, and phenomena) are 
considered across all stages of the textile design process (Kim et. al, 2019). This design space 
has been described by the Hallnäs and Redström as the relation between [textile] function 
and [textile] interaction: that is, how we use textiles, and how they impress upon us and other 
elements through use (2008, p.113). The two further describe textile function as the qualities 
that support the intended use of the textile, and exemplify textile interaction as: ”the carpet 
is not first of all the thing laying on the floor, but a relation between me walking, talking, 
sitting, etc. and the carpet protecting, absorbing, being soft, etc.” (ibid.). Textile interactions 
may then be defined by and through their use i.e. in their “doing”, as Toomey states, i.e. medi-
ating one’s experience of walking through a carpeted space by, for example, stimulating the 
sensory perceptions of vision, tactility, sound, temperature, evoking emotions, suggesting 
meaning, and so on. 

Hallnäs has proposed four classifications of interaction design variables: timing as “the 
rhythm and meter of use we introduce”; spacing as “the space of use we introduce”; con-
nectivity as “the connections of use we introduce”; and methodology as “the ways of use 
we introduce” (2011, p.78). Persson adapts these design dimensions to be specific to textile 
interaction design by integrating her own notions of dynamic elements that enable the inte-
raction (2013, p.93). For Persson, dynamic elements are energy or phenomena such as heat 
or light, materials (e.g. conventional and conductive yarns), programmed behaviours, and 
properties of the textile such as structure and shape, for example. While this begins to overlap 
with smart textile design, the focus on the interaction that unfolds through the interaction 
design dimensions of timing, spacing, connectivity, and methodology shift the design focus 
from the dynamic display of smart textiles to the expression of the textile in use i.e. the textile 
is engaged through some form of use, perhaps by being touched or stretched, and responds 
with reciprocal expressional changes. 

Along these same lines is the framework for dynamic textile interactions put forth by Worbin. 
Her doctoral thesis demonstrates several textiles with changing expressions through the in-
tegration of light, heat, and colour-changing materials in textile constructions (2010). Using 
gestures, such as placing a warm cup down on a table cloth (see “Do Pattern” in Worbin, 
2010, p.185), or having dancers change the expression of a room by dancing in proximity to 
a heated textile wall (Persson, Worbin, and Bondesson, 2009), she introduces dimensions of 
timing (as frequency and duration of change through interaction) and spacing, that not only 

and emerging materials. E.g. a light emitting textile, or a textile with embedded sensor yarns 
that capture quantified data about the environment or context of use. As Hallnäs points out, 
textile interaction design does not need to include electronic, computational, or emerging 
materials to be considered interactive, rather it in is in the way in which one relates to the 
textile that puts the interactive qualities of the textile in focus (2008, p.113).  

On the path toward radical atoms are the tangible interfaces for which textiles are often pro-
posed, as a component of computational composites. This has led to novel examples of textile 
interactions, the development of frameworks, methods, and tools (Rognoli  & Parisi, 2021; 
Gowrishankar, 2020; Petreca et. al, 2019, Persson, 2013; Worbin, 2010), and investigations 
of emerging materials in this context (Rognoli & Ferraro, 2021; Karana et. al, 2019). Yet the 
notion of making textiles the site of computational interaction too simplistically presumes 
that textiles are otherwise not interactive artefacts and therefore material combinations that 
afford such interactivity must be added (Schneegass and Amft, 2017). When designing from 
this perspective, textiles have a tendency to be treated as substrates for the application of 
computational and electronic materials rather than allowing for the qualities of the textile 
itself to take centre stage. A number of textile designers have identified this gap in interaction 
design and have argued for greater attention to the complex, highly technical, and expres-
sional materials that they are (Bredies in Dumitrescu et. al, 2020; Kim et. al, 2019; Igoe, 2017; 
Winters, 2016). This requires, foremost, to appreciate the textile as a system of elements rich 
with sensorial expressions, that are interdependent and interacting with one another.  

Merriam-Webster dictionary defines a system as “a regularly interacting or interdependent 
group of items forming a unified whole”, while Oxford dictionary defines it as “a set of things 
working together as parts of a mechanism or an interconnecting network; a complex whole.” 
(Merriam Webster; Lexico). A textile may be considered a system composed of interacting 
elements: fibres that make yarns, yarns that build structures, structures that build form and 
expression. Modification to any one of these elements affects the overall expression of the 
textile. The unified or complex whole that emerges may be considered the textile gestalt; 
that is, the expression of the textile as artefact, which has been constructed through textile 
techniques and textile design methods. Anne Toomey of the Soft Systems Research Lab at 
the Royal College of Art states that textiles are “soft systems”: “soft systems is really taking 
the idea of how we put together textile construct in terms of the structure itself and in terms 
of the surfaces and using that and putting them together in a way and thinking of them as a 
system in itself. You know, weave is not just a woven piece of cloth, its actually a system for 
doing something.” (Royal College of Art, 2019). 
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Figure 1 Diagram identifying overlapping perspectives of textile interaction design
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those overlaps occur influenced the resulting designs within particular fields of practice. A 
design may lean towards one practice more than another depending on factors such as the 
backgrounds and skills of the people involved, and the intention and context of the design. In 
the research presented here, the aim has been to work between interactive smart textiles and 
textile interaction design by involving electronics, computation, interaction, in addition to a 
textile design process and perspective. 

extend the textile’s range of expression, but change the expressions within the conditions of 
use. 

Both Persson and Worbin in their doctoral theses have developed design frameworks that 
expand the textile interaction design space through an textile design perspective, and provide 
designers a way to design within the expressional space of textile interactions. Persson and 
Worbin’s doctoral research was conducted nearly a decade ago, both the interaction design 
community and the textile community have matured, with both communities deepening and 
enriching the conversation towards the role of materials in interaction design.

In Figure 1 (pages 32-33), three interacting spheres of fields and practices overlap: textile 
design, smart textile design, and interaction design. The diagram identifies the overlapping 
areas between the practices as dynamic textiles, as non-interactive textiles that may include 
electronic/computational, and emerging materials. Dynamic textiles may be a form of textile 
display that changes over time, for example Jansen’s “Light textiles” (Jansen, 2008). The area 
of interactive textile design can be seen as a form of textile design that is non-electronic or 
computational and that focuses on the interactive qualities of the textile derived from textile 
technique, structure, material, for example Salmon’s “The Flippables” (Salmon, 2020). 

Interactive smart textiles is a form of interaction design that involves electronic, computatio-
nal, and emerging materials, but that does not involve the textile design process. An example 
of this is Voit et. al’s “Posture Sleeve” (2018), which uses manufactured conductive textiles 
adhered to a dielectric textile sleeve to measure position changes of the arm in a gaming 
context. Finally, the centre space of the diagram shows textile interaction design that spans 
all three spheres of practice. This type of textile interaction design involves electronic/com-
putational and emerging materials, has the design of interaction in focus, and is designed 
through a textile design process wherein electronic, computational, and emerging materials 
are strategically placed within the textile structure. The design of the textile is informed by 
its interaction context, and affordances of the textile design may be emphasized as a result. 
The textile design actively participates in informing the interactor as to its possibilities. An 
example of this is Persson, Worbin, and Bondesson’s “Costumes and Wall Hanging” (2009), 
where costumed dancers’ movements in front of a large-scale textile wall hanging trigger 
colour change in the textile. The costumes contain sensors that detect body position and 
duration of hold, and transmit the data wirelessly to the wall hanging. Colour changes in the 
wall hanging change dynamically, and grow brighter the longer a position is held by a dancer. 

Thus textile interaction design is composed by overlapping fields, and the nuances in how 
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Electromagnetic force is one of the four fundamental forces of nature, along with gravity, 
strong interaction and weak interaction. As a phenomena, it is composed of electric and mag-
netic fields that oscillate in planes perpendicular to one another, and that are interdependent 
and locked in co-existence. Together, these fields produce electromagnetic waves and their 
ubiquitous radiation, drawing analogies to “ether” and “atmosphere”, as an omnipresent force 
or an “abstract everywhere” (Milutis, 2006) that forms the energetic ambiance within which 
we are immersed. Kahn observes that electromagnetic fields seemingly come from “nowhere 
and everywhere at once” (Kahn in de Vincente et al., 25), highlighting the non-visual and 
pervasive quality that can be found in their spatial expression of passing through buildings, 
trees, and bodies, and the spaces in between. Electromagnetic fields vibrate within the very 
materials that build our world, such as wood or stone. Yet for their ubiquitous quality, they 
can be created, generated, manipulated, focused, designed and shaped to drive modern te-
lecommunication and electronic systems on which contemporary society relies, suggesting 
that it may also be considered a material to be worked.

According to Manzini, the objects in our environments are formed by materials that we recall 
sensorially (1986, p.31). Throughout human history, we have collectively come to understand 
the visual rhythm of wood grain, or the touch of our hand to the cold, damp, firmness of 
stone. We describe, qualify and categorize the materials around us as a way of making sense 
of our world. As a result, this shared understanding has enabled us to construct houses, brid-
ges, and clothing, because we understand the qualities and properties of wood, stone, iron, 
and cloth. However, the introduction of materials that cannot be classified through tradi-
tional taxonomies have disrupted our shared lexicon through their indeterminant qualities 
as materials that evolve, with shifting definitions, which require continual re-categorization 
and re-definition (Manzini, ibid.; González-Viñas & Wenceslao Mancini, 2015). Examples of 
this include shape-changing materials such as fluidic actuators and shape memory polymers. 
Such new materials are continually being made available to artists and designers, challenging 
them in their work, consequently creating a rapidly changing material landscape (Löwgren 
and Stolterman, 2004).

Manzini defines a material through the lens of behaviours and affordances: “something that, 
under given conditions (a system of loads, environmental conditions, an observation period) 
behaves in a given fashion (that is, supplies certain performances)” (1986, p. 34). Looking at 
electromagnetism in this way, it gives rise to qualities of wavelength and amplitude, which 
supplies performative qualities through spatial, kinetic, sonic, and haptic expressions that 
behave in accordance with their physical laws. For example, its spatial quality permits wire-
less transmissions, radio, energy harvesting, while kinetic interactions are afforded by the 
attractive-repulsive behaviours of magnetic materials, and electrically-produced magnetic 
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field. Sonic expressions are formed when electromagnetic fields spanning the audible sound 
frequencies interact with air flow, carrying the sound away from the emitting object, as with 
the ghostly sounds produced by electrical power lines in the early 1900s (Kahn, p.71). Haptic 
expressions occur primarily as temperature change when rapidly oscillating magnetic fields 
induce an electric field, resulting in the production of thermal energy. The qualities and pro-
perties of electromagnetism give rise to a number of expressions depending on how its forces 
interacts with properties of other materials, and how this combination translates the force 
energy into another expression of its making.

In design, the notion of what a material is does not begin and end at the taxonomy of con-
ventional materials, rather it broadly encompasses “all sorts of things and phenomena that 
in some sense build things” (Hallnäs, 2006). “Consider a lamp,” says Hallnäs. “It may be clear 
that plastic, metal are materials that build the lamp. But essential to its appearance is also the 
way it illuminates the room, thus the flow of electricity is something that builds the lamp, i.e. 
it is material” (ibid.). Here, Hallnäs identifies that the intangible materiality of electricity is 
also a constituent of the lamp. This presents as modifiable properties that contribute to the 
overall expression of the lamp, for example as brightness, colour tone, heat generation, etc. 
Yet in this scenario, the flow of electricity builds more than just the visual attributes of elec-
trical light expressed from the lamp. It generates an electromagnetic field with its own set of 
properties such as wavelength, frequency, amplitude, and radiation field, presenting further 
modifiable and intangible properties inherent to electromagnetic phenomena, and which of-
fer additional expressional possibilities. Thus, the electromagnetic domain also builds the 
lamp, perceptibly through its visible illumination (as in Fig. 2B), and imperceptibly through 
its non-visual electromagnetic field expression (as in Fig. 2C).

Figure 2 Table lamp exhibiting three different expressional states

The lamp therefore expresses complex materiality across tangible and intangible domains 
whose access is modified through its spatial-temporal qualities. Pierce and Paulos refer to 
the spatial-temporal qualities of electronic objects as their “activeness”: a state in which they 
“make available material forms that were not previously present and available” (2013, p.121). 
The opposite is also possible, the “deactivated” state, where the object “holds the possibility 
of making these forms present and available” (ibid.). Using this framing, the electromagnetic 
field of the lamp is an expression of the lamp that can be actively sensed using methods and 
tools to perceive the fields. For example, the lamp has a 3-dimensional shape and surface 
formed through the physical qualities of its tangible materials (Fig. 2A). A more complete 
expression is possible, though is not revealed until a switch on the lamp is flipped to allow 
electricity to flow from the source (the electrical system of the house) to the lamp (Fig. 2B). 
As a result of this interaction, the lamp emits light which illuminates the room in a particular 
tone of light, in a specific brightness, and with a directional quality based on its location in 
the room, the direct that it faces, and the way the lampshade shapes the light emission. It 
sets an ambiance that shapes how one feels within the space. When the lamp is on, it emits 
an electromagnetic field, though it is not actively sensed. It therefore remains as a “present 
and available” expressional state. This expressional state can be turned on and off, as the field 
disappears when the power to the lamp is turned off. Using sensing methods and tools, for 
example an electromagnetic field sensing device, the domain is “activated” through our sen-
ses, for example as visual display information on the sensing device as to intensity, frequency, 
and other parameters of EMF (electromagnetic fields) that may display on the sensing device 
(Fig. 2C). Or, for artistic purposes, an example could be the expression of frequency as so-
nic expressions. Thus, the electromagnetic field of an object can be considered a non-visual 
expressional material domain that requires ones sensory engagement through some form of 
mediation. This mediation can be scientific, technical, or artistic, thereby opening to a range 
of possible expressions and interaction scenarios.

The notion of an imperceptible domain of a material is not new, and includes materials 
such as air, sound, and light, as phenomena that lend themselves as materials for design. 
Specifically, computational materials in design bear similarity to electromagnetism in part 
due to the non-visual, formless, and intangible qualities, and their spatial-temporal expres-
siveness, in addition to their source: computation is fundamentally a matrixial organization 
of electromagnetic expressions. The patterning and fluctuations between high and low bits 
-the zeros and ones of computation- are the result of rapidly changing electronic signals, 
and optoelectronic, electromechanical, and electromagnetic components constitute, drive 
and respond to code, algorithmic processes, and computational sensing functions and beha-
viours (Vallgårda, 2010). They can be seen as organized, focused, and shaped expressions of 
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electromagnetic fields, hidden away within devices. Still, perceiving electromagnetic expres-
sions is a challenge for designers, and working at sub-atomic scales is not commonplace in 
the field of design. Dunne attributes the lack of designers’ engagement with electromagnetic 
materials in part to the obscuring and miniaturization of electronic components, which pla-
ces them increasingly out of reach from designers. He points to the disparate scales between 
matter and energy, suggesting that designers are unable to design at the scale of “volumes of 
electrons” - a practice that typically requires scientific knowledge and laboratory equipment 
(2005). Designers therefore tend to design at the scale of perceptibility -the tangible, material 
object- in effect, designing symbolic representations of the contrasting domains of energy 
and matter (ibid.). In addition, he identifies the lack of methods and tools as a contributing 
factor, resulting in a missed opportunity for designers: “[electromagnetism’s] modernist po-
etry, based on truth to materials, is lost” (ibid., p.9).

Artists and designers have been addressing this issue through their work, the use of electro-
magnetism as material is generally underrepresented in the fields of art and design. For a 
fundamental force that has the ability to drive electrical, magnetic, kinetic, and haptic beha-
viours, this is a missed opportunity. As seen in the practices of design, sculpture, installation, 
and electronic art, electromagnetic phenomena can be expressed in myriad ways. Its intan-
gible nature has drawn artists’ inquiries spanning decades, notably by experimental compo-
ser and Alvin Lucier who, beginning in the 1960’s, saw electromagnetism as a raw artistic 
material to be worked with through sonic expressions, and by Robert Barry (Robert Barry | 
MoMA, 2021) who observed that visual art was confined to visible light -a minute fragment 
of the electromagnetic spectrum- and speculated that more, if not all, of the electromagnetic 
spectrum may present as viable artistic material (Kahn, 2013, p.5). From the 1950s, artist 
Takis created artworks that reveal the seemingly mystical elemental force of magnetism th-
rough his kinetic magnetic sculptures, and later in the 1960s began to introduce electromag-
netic elements to incorporate sound expression (Takis 1925 – 2019 | Tate, 2021). Following 
this, from the 1990s to current day is the work of Joyce Hinterding’s room-scale installations 
that sonify the very low frequencies (VLF) of the Earth, revealing a new aesthetic for artistic 
antennas that are enlarged spatial expressions based on truth to materials i.e. vibrations of 
electrons in copper wire (Hinterding and Haines). Artistic explorations of electromagnetic 
phenomena can be found across platforms of experimental music, electronic art, installation, 
sculpture, performance, as well contemporary post-digital art in a variety of mediums. What 
are presented here are notable artistic and design works that each use different methods, 
tools, and materials to reveal electromagnetic phenomena to the observer or participant.

Anthony Dunne and Fiona Raby’s Placebo project (2001) suggests the ways in which people 
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might coexist with designed objects and furniture intended to heighten their awareness of the 
pervasiveness of electromagnetic fields in their surroundings. In the Placebo Project, there 
is a focus on how does one lives with these objects that reveal the electromagnetic space of 
one’s environment. Are they sources of comfort (as objects that shield from electromagnetic 
frequencies) or discomfort (as objects that reveal electromagnetic frequencies)? The objects 
operate on a conceptual level, assessing human comfort levels within this hidden domain 
that surrounds us. The project forms a qualitative study, where people lived with these objects 
for a period of time, and were then interviewed afterwards about their thoughts and feelings 
on their time with the objects. The objects were designed with basic building materials (e.g. 
foam, sheet plastic, wood) and basic sensing equipment such as compasses. The works need 
not focus on the technological aspects of sensing or shielding, rather they sought to explore 
the terrain of this relationship between the unknowns of electromagnetic space, and our per-
ception of it through the use of design objects. They achieved this through conceptual design 
and qualitative research.

In Design Noir: The Secret Life of Electronic Objects (2001), Dunne and Raby propose “ra-
diogenic” mediative objects that conceptually “function as unwitting interfaces between the 
abstract space of electromagnetism and the material cultures of everyday life, revealing un-
expected points of contact between them”, and that “many of these...centre on the aerial, a 
device that links the perceptible material world to the extrasensory world of radiation and 
energy” (ibid, p.26). Through speculative scenarios, his objects explore this quality of “ae-
rialness”, which he defines as “the qualities of the object in relation to the electromagnetic 
environment” (Dunne, 2005, p.111).

Christina Kubisch’s performative and participatory sound works use inductive headphones 
and soundwalking as a method to explore the transitory sounds of electromagnetic fields in 
various environments, often outdoors and in the context of urban group walks. In ’Cloud’, an 
installation piece, the electromagnetic fields that radiate from a messy nest of conventional 
wire suspended from the ceiling can be heard while walking in and around the sculptural 
object. Characteristic of her work is the peeling back the layers of our visual dominance 
to reveal a hidden sonic dimension that exists throughout our daily lives. On the spatio-
sonic qualities of electromagnetic fields, Kubrich describes “you can only hear them [EMF] 
in certain areas. And sometimes, if you move 10 cm to one side or the other, they disappear. 
I think of them as electrical corridors.” (Kubisch in Cox, 2006). Kubisch’s participatory and 
sound-scuplture installation works aim to highlight the electromagnetic atmosphere that we 
unknowningly move through in our daily lives. In this way, her work focuses on revealing 
electromagnetic space, and exploring the sonic aesthetics of this landscape through methods 
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of participation.

Similarly, Sungfeel Yun’s kinetic sculpture and interactive installations work to expose the 
hidden materials that compose our world. In Looking at The Real World from within The 
Real World, Yun uses spherules of ferritic fluid that are magnetically adhered to a motorized 
magnet behind a large white bowl on the gallery wall. The spherules continually trace circles 
within the bowl while leaving iron coloured stains on the bowl’s surface, while sometimes 
dripping onto the floor. The revealing of electromagnetic forces is present in Yun’s work as 
well, which he does through an aesthetics of magnetic material expressions. His works are 
often interactive, as in this example where the movements of the ferritic fluid spherules move 
in response to the viewer’s proximity. The interactions facilitate the behaviour of the kinetic 
movements, suggesting our presence in this energetic relationship. He states, ”we are all go-
verned by electromagnetic forces that we cannot fully become aware of. What we see is me-
rely the surface of the world that we live in, and I want to explore what lies beneath this” (Yun 
in Openshaw, 2015, p.51). Through his work, Yun attempts to reveal the structures and inte-
ractions that naturally reside within materials of our everyday, allowing us the rare chance to 
peek into the alternate dimensions that also compose the world we live in.

Jolan van der Weil designs experimental objects that demonstrate the influence of magnetic 
force through ferritic materials. Using customized design tools and methods, Van der Weil 
creates slurries of magnetic composites that he can then sculpt by applying powerful magne-
tic fields to manipulate the materials. In collaboration with Iris Van Herpen, the two designed 
the ”Gravity” series of dresses, shoes, and accessories produced with Van der Weil’s design 
tools and methods for sculpting with magnetic slurry. The dress and shoes appear as though 
they have formed out of molten rock, extracted from the depths of the earth. Of interest to 
van der Weil’s work is the design of tools that allow him to express the phenomenon in a sig-
nature way, suggesting that the design of tools used to create the work is uniquely influential 
on the outcome of the work. Tools allow materials to be worked in specific ways (e.g. a knife 
is for cutting a material; a hammer is for pounding a material). The design of one’s own tools 
opens the possibility to manipulate material properties in ways otherwise not possible. For 
van der Weil, the design of two large-scale and incredibly strong magnetic surfaces allows 
him to manipulate his magnetic slurries to achieve volumetric expressions that reveal the 
molecular structure of iron filings under an applied magnetic field. In this way, he scales up 
the magnetic material interaction, and documents it through the solidifying properties of the 
slurry. Van der Weil demonstrates a curiosity towards natural forces and new materials, and 
through the creation of unusual objects he seeks to challenge our understanding of invisible 
forces: “All I’ve really done is record a natural phenomenon and capture it in materials” (van 
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der Weil in Openshaw, 2015, p.22).

Timo Arnall’s “Light Painting WiFi” (Arnall, 2013) illustrates the mediative context between 
designed objects, perception, and electromagnetic fields. Using a receiver antenna tuned to 
2.4 Ghz (the frequency of Wi-Fi), the antenna and circuitry are adhered to a long wand. The 
wand simultaneously detects WiFi signals and emits light transmissions through a series of 
blinking LED lights. These actions occur simultaneously, meaning that Arnall can pass the 
wand through electromagnetic space, and when passing through a WiFi signal, the LEDs 
turn on. As a result of the camera shutter speed combined with the rapid flashing of LEDs 
in their ‘ON’ state, a light trail is captured in the digital image. Using photography and the 
wand, Arnall is able to walk through urban environments and visually reveal the pathways of 
WiFi signals that are otherwise imperceptible to human eyes. Using the same photographic 
technique, Arnall has produced visualizations of electromagnetic fields around electronic 
devices, such as WiFi routers. Using a smaller wand-like device containing a single LED, 
he sweeps the wand through the space at a few centimeters distance around the electronic 
device. The electromagnetic field being emitted by the electronic device induces a current in 
the LED, turning it on, and combining this technique with the light painting method, Arnall 
is able to reveal the shape of the electromagnetic field surrounding the device. The resulting 
photograph appears as a series of green dots forming an irregular lobe shape around the 
device. In this work, the method of revealing the electromagnetic field is both informative 
and expressive by combining artistic and scientific methods to aesthetically reveal the hidden 
world of electronic signals and devices.

Joyce Hinterding’s ”Floric Antenna 1” (Haines and Hinterding, n.d.) is a wall-mounted frac-
tal receiver antenna printed with graphite on a pane of glass. The fractal antenna design is 
based on the appearance of orange lichen, a robust lichen that takes in little water or nutrients 
and survives mainly by harvesting sun energy through its matrix of receptors. Gallery parti-
cipants can stand in front of the piece and, using headphones, listen to VLF electromagnetic 
sounds of the Earth that are picked up by the antenna. Touching the work with one’s hands 
increases the gain of the signal, thereby increasing the sonic amplitude. Variations of this are 
depending on the capacitive qualities of one’s own body, therefore each person Will express 
somewhat different sonic qualities. Much of Hinterding’s work focuses on materializing and 
perceiving energetic forces using customized tools and sensing equipment. The works are 
often interactive sculptural installations that utilize sound and video, and occasionally per-
formance. The scale of her installation works convey the spatial and immersive qualities of 
electromagnetic fields. In contrast to Kubisch, Hinterding’s work does not focus on the built 
electromagnetic environment often expressed as high frequency radiation, rather she directs 
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her focus to the very low and naturally occurring frequencies of the Earth.

ELECTROMAGNETISM IN TEXTILE DESIGN

When materials such as light, air, sound, or electromagnetic waves pass through textiles, 
they are expressed in ways related to the physical characteristics of the textile. The expres-
sion of these phenomena is formed by elements of fibre and yarn selection, textile technique, 
and structure. Further, interaction either by humans or elemental forces may alter the textile 
through folding, buckling, or swaying under the influence of air, for example. It may visually 
become more translucent when sunlight passes through it; a perceptive change that can be 
experienced through household curtains placed in sunny windows. Conductive textiles may 
shield or receive certain frequencies of electromagnetic waves and, depending on additional 
circuitry, the textile material quality and the intended use, it can in turn result in spatial, so-
nic, and kinetic interactions. Non-frequency electromagnetic expressions involve the transfer 
of functionality between basic electronic components to soft materials for use in fashion and 
textiles. These expressions are dependent on the qualities of both the phenomenon itself, 
the methods and tools that inform the design, and the textile interaction system of which 
the textile qualities are a part. Together, they combine and emerge in the form of an artistic 
expression. The artists and designers in this section are those that have been exploring the 
properties of electromagnetic phenomenon through textile materials and processes.

Electromagnetic textile interactions involve methods of producing and interpreting the elec-
tromagnetic waves and fields. In textile interaction design, that one perceives the tangible 
textile object sensorially through the interaction experience is assumed. One uses their senses 
to interpret how the textile looks, how it feels, what it sounds like when one runs their hand 
along its surface, and engages their senses to observe how the textile might change expression 
through interaction. Though when the textile engages with a domain that is extra-sensory, 
as with electromagnetic phenomenon, methods of both creating and sensing the expression 
become aesthetic decisions that give rise to the interaction experience. Without these, the 
electromagnetic textile appears dormant and non-reactive.

Electromagnetic textiles, as a type of smart textiles, are situated in a liminal, and post-digital 
space due, in part, to their ability to interact with systems and networks such as the internet, 
satellite networks, physical spatial environments, digital and virtual space, and electromagne-
tic fields. In this way, smart textiles overtly disrupt the dichotomy between material and im-
material, tangible and intangible, bytes and atoms, locative and figurative “here” and “there”. 
Their expression thus becomes not simply the tangible qualities of the textile material itself, 
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for example structure, texture, or colour, but their aesthetic expressions into these liminal 
spaces, be it digital, virtual, or Hertizan.

Erbu Kurbak is an artist and designer who has explored knitted textile radios in an instal-
lation setting. Her work Drapery FM (Ebru Kurbak, 2013) is a knitted textile that replaces 
conventional electronic components such as resistors, capacitors, and coils, with conductive 
yarns combined with wool together in the structure. The knitted textile antenna connects 
to an FM radio tuner, which is also connected to an audio speaker in the installation space. 
When tuned to the correct frequency, the speakers play an audio file of the sound of the 
handknitting machine in use. In this way, the observer both sees and hears the process and 
result of the art work simultaneously. The work reveals a lesser-known property of conductive 
yarns: their ability to act as receivers for radio transmission. Kurbak is less about revealing 
electromagnetic phenomenon (although it does this) and instead questions the use of con-
ventional hardware electronic components where alternatives exist. This suggests connection 
to the discourse surrounding smart electronic textiles that electromagnetic textiles is connec-
ted to: the innovative designs and implementation of soft circuit replacements.

Kurbak has collaborated with Irene Posch to designed a non-frequency embroidered elec-
tromagnetic textile that functions as an 8-bit computer (Kurbak and Posch in Kurbak, 2018, 
pp.130-149). The textile contains a matrix of magnetite beads encircled by the ornate stitches 
of embroidered conductive thread. A gold coil relay switch is attached to the magnetite bead, 
and when an electromagnetic field is generated in the yarns, the relay coil flips its position, 
thereby expressing different logic structures. Participants are invited to program this textile 
computer and witness the different logic structures expressed through the textile materials. 
In this work, the two have greatly enlarged the scale of matrixial computational logic gates, 
visually revealing the basic material interactions that are normally intangible, miniaturized, 
and embedded within integrated circuits.

Kurbak has also worked with So Kanno to design a magnetic yarn voice recorder (Kanno and 
Kurbak in Kurbak, ibid., p.122). Using this recorder, a participant is able to record their voice 
on a single thread of conductive yarn. Soundwaves of one’s voice are passed to the yarn while 
turning a spindle. The yarn is guided through a recording head where the yarn is magnetized 
with the magnetic order of the voice recording. The yarn can then be played back by winding 
the yarn spindle to listen to the recording. This work uses the effect of mechanical magnetic 
recording as used in cassette players of previous decades. Here, the pair reveal an overlooked 
quality of conductive yarns: their ability to store and transmit data in their magnetic field. 
Across both examples, the designers work closely with the material properties of electromag-
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netism and invite participants to engage with their works and explore the secret properties 
of conduct yarns.

Working with frequency-based electromagnetic expressions, Afroditi Psarra explores satellite 
transmission data as a material for textile design. Listening Space (Psarra, 2019) uses softwa-
re-defined radio (SDR) to record satellite passes in proximity to her listening station. These 
transmissions are translated to audio waveforms represented by graphical plots. Sections of 
the graphical plots are then assigned as yarn and colour changes on a domestic hand-knitting 
machine to produce pattern changes in a plain knit structure. Electromagnetic pulses that 
make up the transmission signals are represented with black and white yarns, as signals and 
void. Psarra’s use of knitted textile on which to transpose the satellite transmissions was for 
the purpose of archiving the transmission that would otherwise be lost to the ether due to 
their temporal nature. In addition, she uses “low-cost methodologies” and “digital crafting” 
combined with textile design processes (ibid.). This assists in opening textile designers to 
electromagnetism as material, particularly where it can be accessed through materials that 
textile designers are already engaged with, and are intimately familiar with. 

Finally, Hanna Perner-Wilson and Mika Satomi have created an online repository, How to 
Get What You Want (Perner-Wilson and Satomi, n.d.), where they address the limitations 
of hardware electronics in the context of wearables and electronic textiles. The pair identify 
the physics of the interaction within hardware electronic components and re-design com-
ponents through craft and textile techniques, and conductive textile materials. In this way, 
electronic components are reduced to the bare minimum of their physical interactions. Many 
of the examples are designed using hand techniques such as crocheting, knitting, and se-
wing, though in some examples industrial knitting and weaving machines have been used. 
Their work has contributed to unique soft circuit examples such as “electromagnetic Velcro”, 
(Electromagnetic Velcro, n.d.) electromagnetic “flip-dots” (Flip-Dot Fabric, n.d.), and a num-
ber of methods for designing textile-based speakers (Fabric Speakers, n.d.). Their work with 
soft circuits and soft components naturally opens to the field of wearable electronics. Many of 
the examples adapt common sewing notions found in garments, such as snaps, zippers, and 
eyelets, to become electronic sensors that identify state-changes e.g. a snap is open or closed, 
a zipper is partially up or down, eyelets are hooked or unhooked. Over the years, they have 
elaborated on their work to include the design of full garments using the soft component 
systems found across their website. Their work appears to be primarily geared towards those 
hand-crafting electronic textiles and electronic garments, such as in Maker and STEM (sci-
ence, technology, engineering, math) communities, though remains a highly prized resource 
even for those working at these intersections through industrial processes, as the fundamen-
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tal principles of material substitution and textile interactions remain.

On some level, all of these works operate on the revealing of electromagnetic phenomena, 
and this is achieved through an array of artistic methods and tools. This survey of works 
highlights the range of possible expressions that electromagnetic phenomena affords in the 
artistic fields. While there are artists and designers exploring this area, the number is rela-
tively few and the area of artistic research in electromagnetic textiles is unfathomably large, 
leaving many stones yet to be overturned. Yet there remains further need for articulating 
frameworks comprising textile design methods and tools, in addition to examples of how 
these two materials -textiles and electromagnetic phenomena- can work symbiotically for 
the purpose of art and design and exemplified how this emergent knowledge can be used to 
expand textile design processes.

ELECTROMAGNETISM AS MATERIAL IN THE ARTISTIC FIELDS
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Conventionally, textiles materials are constrained to the perceptible domain, characterized by 
the qualities of the yarns and the expressive variations within the spheres of visual and tactile 
feedback. In contrast, computational and electronic smart textiles bear a liminal quality that 
situates them in a space between physical and digital worlds (Igoe, 2018). Although they are 
perceivably textiles, they no longer begin and end at their surface and selvedge; they are no 
longer resigned to their tangible material variables. Computational and electronic smart tex-
tiles express into non-visual and intangible domains as electromagnetic fields, electric pulses 
(Vallgårda, 2010), algorithms (Hallnäs & Redström, 2006), and entanglements of matter and 
radiation (Dunne, 2005, p.101). Dunne has described this space where electrons and matter 
meet as the ”threshold of materiality”(ibid., p.11), a place where physical materials entangle 
with the electromagnetic atmosphere. Militius has called this space the ”abstract everywhere” 
(2002, p.X) This liminal space not only presents a physical threshold, but also a sensory one. 
As the tangible textile moves beyond our human sensing capabilities we are left only to ima-
gine the expressions of the textile within this space. Thus the question presents as to how 
textiles may express into this hybrid, liminal, and radiant electromagnetic space, and how 
such expressions might be designed, generated, and sensed. 

This experimental research explores the aesthetic possibilities of electromagnetic materials in 
textile design and opens questions regarding foundational textile notions such as form and 
texture. It investigates the electromagnetic domain of conductive smart textiles to articulate 
its qualities, and aims to propose methods and tools for designing, generating, and sensing 
the phenomenon.  It further attempts to identify the design variables for working with non-
visual electromagnetic materials. 

Through the design of electronic circuitry in combination with electromagnetic textile de-
signs, the research aims to exemplify ways in which electromagnetic fields can become ar-
tistic materials in the context of smart textiles and textile interaction design. To do this, the 
research seeks out potential design expressions through techniques of weaving and knitting 
that highlight a textile’s electromagnetic attributes and, finally, it explores methods of desig-
ning with electromagnetic textiles as materials for smart and interactive artefacts.
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Figure 3 Handwoven textile speaker design



Figure 4 Electromagnetic waffle weave 
With dielectric cotton warp





Figure 6 Woven conductive and dielectric monofilament waffle variation



Figure 7 Reverse of Figure 6
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The research program as foundation for the experimental explorations

Electromagnetism in the context of textile design opens a novel territory for material investi-
gations in order to understand its aesthetic possibilities. As the research program articulates, 
the overarching research question is to understand the ways in which electromagnetism may 
present as an expressive material for textile design. This requires basic explorations in order 
to describe its qualities and properties to textile designers, not only of the phenomena-as-ma-
terial, but also the tangible materials through which the phenomena is expressed. However, 
to move beyond the abstract notions of electromagnetism, it must be explored in concrete 
ways. This research has therefore adopted an approach of experimental design research using 
a programmatic framework (Brandt & Binder, 2007; Redström, 2011; Hallnäs & Redström, 
2006; Binder & Redström, 2006). This method was selected due to its characteristically broad 
enactment which spans a wide range of practices that artists and designers use in their work, 
such as testing and exploring materials in systematic ways, devising and refining methods 
of working, and exploring the boundaries of the design space (Hallnäs & Redström, 2006, 
p.133), among others. Experimental design research as method allows for myriad approaches 
that do not constrain the initial exploratory phase (Hallnäs et. al, 2008), rather it leaves it 
open for the researcher to discover meaningful insights that could inform subsequent phases 
of the work. 

The initial exploratory phase has been colloquially identified by Schön as the “what if?” stage 
of experimental work where actions are made without preconceived expectations (1987). 
Here, it has encompassed basic materials research through exploring conductive and mag-
netic materials in systematic ways in the form of yarn design, tufting, and handweaving. 
This phase also assisted in establishing the initial research program by identifying the core 
research intentions of designing materials, methods and tools. For example, through explo-
ring the phenomena as it presents through a range of materials, the relevance of sensing 
methods and tools was observed and thus placed as an objective in the research program. The 
materials explored also suggest textile techniques, where certain yarns were more suitable 
for weaving rather than tufting or knitting, or non-yarn materials such as iron powder were 
more relevant to the development of printing inks or for magnetic field visualizations rather 
than applied to yarns. 

In the initial exploratory phase, the need to distinguish between different domains of electro-
magnetic phenomena became apparent and led to a framing for the design experiments that 
followed where magnetic, frequency-based, and non-frequency based domains were separa-
ted. Thus explorations in the beginning stage of the research initiated and framed the early 
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broader notions of textile material, form, and expression, thus providing a framing of the ex-
perimental work and proposing the focuses that lay within. As a direction for what to do with 
the findings of what electromagnetic textiles are and what they can do, the research program 
further aims to explore methods of designing with electromagnetic textiles as materials for 
interactive artefacts. 

As Redström points out, there is movement between the research question, the program, and 
the experiments, where a projection of what could be is trialed through a process of experi-
mentation, and which recursively feeds back to the research question (2017, p.89). Thus each 
experiment looks at different electromagnetic domains, materials, methods and tools for sen-
sing and expressing the electromagnetic field. Shifts in the research program have taken place 
as new knowledge is gained through the process of experimenting.

Experimentation

The role of the experiments has been to explore the research program across key areas of elec-
tromagnetic domains, textile technique, structures, and materials. Concurrently, the deve-
lopment of sensing methods and tools has necessarily occurred, allowing for the observance 
of the phenomenon’s qualities and properties as they are generated across textile samples. 
The experiments have been framed by the aims and focuses of the research program, and 
simultaneously looked to aesthetic and artistic interests in addition to technical properties 
(Krogh et. al, 2015). 

Schön (1987) has proposed that there are three different kinds of experiments, two of which 
are identified within the research here, and which overlap to a certain degree. The first, col-
loquially understood as “what if?”, is a form of exploratory experiment where actions are 
made without preconceived expectations. This type of experimentation is characterized by 
qualities of playing and acts of probing (ibid. p. 145; Krogh et. al, 2015), and predominantly 
took place in the initial stages. It has been enacted through tufting, weaving, and knitting 
with conductive materials; through trialing electronic circuits to find an appropriate circuit 
design for sensing electromagnetic fields in textiles; and through modeling electromagnetic 
systems (e.g. handmade electromagnets, compass matrices, magnetic levitation) in order to 
gain a better understanding of the phenomena itself. The ‘back-talk’ that happens as through 
‘reflection-in-action’ on this exploratory experimental work leads to more focused experi-
mentation enabled, for example, by move testing (Schön, ibid., p.153).

Move testing is characterized by making incremental changes within an experimental setup 
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explorations, laying a foundation for the design experiments that followed (Bang & Eriksen, 
2014). This brings increasing precision to the research program by presenting a structure and 
a focus for the experimental work that included relations between materials and techniques; 
the need for new materials, methods, and tools; and a basic framing of the phenomenon. This 
process follows Hallnäs’ et. al’s description of the programmatic framework: that the overar-
ching research question lays out the general scope of inquiry (as an area of investigation), 
the research program contextualizes it, and begins to give specificity to it, structuring and 
guiding the experimental work that follows (2008). 

In programmatic design, the research program is formulated by intentions in the form of 
questions that substantiate the broad terrain on which the program and experiments rest 
(Brandt & Binder, ibid.; Redström, ibid.; Binder & Redström, ibid.; Redström & Hallnäs, 
ibid., Bang & Eriksen, ibid). Broadly, the research question looks at the ways that electro-
magnetism can be used as a material in smart textile design. More specifically, the research 
program aims to discuss the methods and variables for designing smart textiles that sit at the 
cusp of materiality, and at the boundaries of our perception. This has the possibility to open 
toward new methods, variables, and terminologies for working with the liminal qualities of 
electromagnetic smart textiles where previously ones fall short. 

Additionally, it aims to identify the design considerations for working with non-visual mat-
ter. Here, the concern is towards the framing of the design problem, and how to identify the 
elements within the problem and the qualities that they carry e.g. those that are modifiable 
and those that are static, in addition to matters of scale and interrelations between elements. 
Mapping these design considerations opens to the possibility of developing a framework for 
designing electromagnetic smart textiles.

Regarding the ways in which a textile expresses into the electromagnetic domain, and the 
methods and tools used to sense its expression, the question points to the need to explore 
the various ways in which electromagnetism presents in textiles, and how textiles -through 
techniques, materials, structures, and interactions- express electromagnetic properties. 
However, to ascertain this is to design appropriate sensing methods and tools, thus investiga-
tions into sensing circuits, tools, and systems and how electromagnetic properties are detec-
ted, interpreted, and conveyed are required. 

Furthermore, the research program has presented the aim to explore the aesthetic possibi-
lities of electromagnetic materials in textile design and aims to illustrate their influence on 
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The experiments have thus been structured to address the three dominant domains of elec-
tromagnetism, and are explored across techniques through material and structural varia-
tions. This was with the aim of establishing foundational textile design knowledge across the 
three domains. It sets the stage for looking forward in three directions, searching for artistic 
and aesthetic possibilities in this context.

Textile samples, sensing methods, and tools

Experimental design research in textile design can also be seen as a practice of constructive 
design research, where the construction (as artefact, product, system, etc.) is the primary 
means of constructing new knowledge (Koskinen et al. 2011). As design is also concerned 
with suggesting possible futures, this construction of knowledge derives from the design of 
artefacts that serve to frame concerns and future uses (Löwgren et. al, 2013). In this research, 
the artefacts that become the means in constructing knowledge are textile samples, sensing 
methods, and tools.  

Textile samples simultaneously question and exemplify new possibilities in textile design, 
within the frame of the research program. They have been produced through the experi-
mental work with local aims in mind, such as exploring absorption, weight, and magnetic 
properties of woven textiles (Experiments 1 and 2); exploring density and direction of con-
ductors in woven textiles (Experiment 3); and exploring structural and material variations in 
knitted textiles (Experiment 4). Reflecting on these samples provides insight into the ways 
that electromagnetic phenomena is expressed through textile materials at the yarn level and 
throughout the textile structure. Further, placing these textiles in an interaction context has 
led to revised material and structural designs that more closely join the space between phe-
nomenon and textile expression. Thus the design of textile samples probe the multiple facets 
of material, structure, and form within the context of the program. They can be considered 
as a “means of inquiry”; that is, as a form of data “collected, recorded, and measured” in the 
course of experimentation (Wensveen, 2018, p.16). 

With intangible and non-visual material there is an implied need for sensing. As there is not a 
singular way to sense the phenomenon across any of the domains, the act of sensing becomes 
an aesthetic consideration that suggests the aesthetics of the expression of phenomenon-as-
material (e.g. as sound, as visualization, as kinetic behaviour), and also the aesthetics of the 
interaction through which that expression takes place. Deciding what to sense first requires 
explorations of what can be sensed. Sensing methods were explored through the design of 
electronic circuits that use various sensor chips, amplifiers, rectifiers, and passive compo-

and analyzing the effect on the whole. Experiments 1, 3, and 4 are characterized in this way, 
where variations in textile structure, material, or technique are made in a serial fashion, mo-
ving from one structure to the next, or changing materials and material combinations to be 
able to comparatively analyze the effect of the material change within the same structure or 
technique. 

Experiment 2 explored methods of painting ferrofluid on woven textiles of various yarns and 
structures and different stages of applying the ferrofluid to the yarns (i.e. before construction 
versus after). The aim of the experiment was to assess the process of weaving with ferromag-
netic yarns, as well as to reflect on the magnetic qualities of the ferromagnetic textile that 
resulted. In this way, it is not simply a form of move testing, but rather a series of probes and 
moves combined within the same experiment. 

Experiments formed within this program have suggested their subsequent experiments in a 
serial manner (Krogh et. al, 2015). While Experiment 1 focused on the design of ferromag-
netic yarns, Experiment 2 explored the process of weaving with the yarns in ferromagnetic 
textiles. Experiment 1 explored the ways in which ferromagnetic yarns could be actuated 
through neodymium magnets and later, electronically-controlled electromagnets, which in-
spired Experiment 3 as a move from non-current-carrying yarns to current-carrying yarns. 
This represents a shift in the research program from initially exploring ferromagnetism to 
incorporating the electric domain. Further, as there are two types of electric fields, it appea-
red necessary to explore the relationship between textile structure and material expressions 
across both of electric domains to provide a cohesive view of the phenomenon, thereby mo-
tivating Experiments 3 and 4. 

Observances, reflections, and analysis of these experiments revealed nuances in the material-
phenomena relation and consequently led to the development of design notions and termi-
nology such as textile radiance and electromagnetic texture to describe these occurrences, 
as well as determining the modifiable elements of the textile. These developments caused 
a programmatic refinement, where the design of sensing methods to express this quality of 
electromagnetic texture was emphasized. As a result, Experiment 3, which demonstrates a 
method of magnetic textile surface scanning, was revised to improve its ability to illustrate 
this notion of electromagnetic texture, and this perspective of a new textural expression sha-
ped the way in which Experiment 4 was designed. Stronger textural variations were designed 
in the knitted textiles for Experiment 4, with recognition that electromagnetic texture is a 
non-visual quality that could, for example, be strongly expressed where dielectric and con-
ductive materials intersperse, such as in striped patterning. 
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nents.

Electronic circuits have been designed to elicit particular sensing and expressive functions 
from the textiles. Sound was used as an expressional output of electromagnetic fields due to 
the high resolution and close correspondence of electromagnetic frequencies when trans-
posed on sound waves. Further, electronic circuits could be used in interactive and perfor-
mative ways when coupled with a textile antenna, thereby opening to artistic explorations 
of the design space by incorporating the body, the environment, and electromagnetic space. 
In addition, an energy harvesting circuit was designed for its ability to couple with a textile 
antenna combined with its artistic affordances on the subject of “energy harvesting” as a con-
temporary concern. The sensing methods therefore create an aesthetic frame within which to 
work artistically with electromagnetic textiles.

Design examples

Each interaction with textile samples and sensing methods began to reveal how electromag-
netic fields could be generated and expressed through textiles. The samples become idea ge-
nerators and knowledge producers, consequently leading to the design of contextual examp-
les. The design examples demonstrate across the three electromagnetic domains, conductive 
materials, structures, and expressions. Further, they require different forms of interaction. 
The design examples include body-based textile antennas, ambient energy harvesters, and 
textile speaker panels. They present as expressions of the research program that demonstrate 
the what might be (Gaver, 2012), or what Koskinen calls “possible futures” (2011, p.5). 

Articulating the results

Reflection takes place throughout the process of making and is itself a form of analysis that 
can inspire the use of certain techniques or materials, or links to methods, theories, and other 
models (Schön, ibid; Gaver, ibid.). The formation of the research results were the culmination 
of ongoing reflection and analysis in the form of localized studies within each experiment. 
As the experimental work filled out the design program in particular directions, the design 
examples drew on the knowledge derived and place it within an artistic context. They can be 
considered as “later stage” or contextualized examples. Through observational and reflective 
analysis on the examples, a recognition of patterns and behaviours for how textile material 
and structure express and interact with electromagnetic fields came clearer, leading to the 
formulation of textile design notions for designing with the phenomena. In this way, results 
are posited and the framework of elements for the design of electromagnetic textiles is sha-
ped. 

FRAMING THE PHENOMENON
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This experiment investigates a process of designing ferromagnetic yarns using commercially-
available ferromagnetic fluid. ‘Ferrofluid’ is a commercially available material consisting of 
magnetic nanoparticles suspended in an oil or water base. Ferrofluids have applications in 
biomedical technology, mechanical, electrical, and physics engineering, and are used in the 
fields of art and design for their ability to demonstrate the presence of a magnetic field. As a 
liquid, ferrofluids have the ability to be applied to other materials through a process of hand 
painting, resulting in a hybrid material that responds to a magnetic field. This experiment 
demonstrates the process of hand-painting natural and synthetic yarns with ferrofluid. It de-
scribes the qualities of the yarn attributes post-treatment and their magnetic yarn characte-
ristics such as magnetic lift and mobility, while suggesting possible use in textile structures.

Aim: The aim of this experiment was to increase the material palette for magnetic interac-
tions in textiles at the yarn level. It speculated that if conventional yarns could be modified to 
present paramagnetic behaviours, textile designers would then have access to myriad topolo-
gies of yarns, potentially leading to further design explorations in this area.

Setup: 39 yarns across various fiber compositions and yarn counts were selected for testing. 
Fibre compositions included protein fibers such as wool, and cellulosic fibers such as cotton, 
linen, viscose, and paper. Synthetic fibers selected included nylon, polyester, and polyamide, 
in addition to combination yarns such as wool-synthetic blends. Selected yarns included both 
S and Z twists across the sample group, as twist directions and intensities affect yarns elasti-
city, ability to pack down in a structure, pilling, and visual appearance (Sinclair, 2014). The 
colour palette of yarns was white, off-white, and black.

Method: Ferrofluid was applied to small skeins of yarns using a paintbrush and a basic hand-
painting technique. Yarns were left to dry for 24-48 hours, until they were no longer tacky to 
touch. Each yarn sample was trimmed to measure approximately 10 cm in length and was 
grouped in bundles. Where heavier yarn weights were used, a smaller number of threads 
were represented in the tassel (Fig. 8). 

The bundles were explored individually by anchoring the bundle to create a central point 
from which all movement would arise. A magnetic field was then applied using stacked neo-
dymium magnets. Characteristics of magnetic lift, absorption quality, and post-treatment 
aesthetics of the ferromagnetic yarns were then assessed for their design potentials. 

Magnetic lift is the result of the absorption quality of the yarn (how much of the ferrofluid 
stayed in the fibres) and the physical weight of the yarn (the lift of the yarn under an applied 
magnetic field). The magnetic field was manipulated via hand movement around the bundle 
while the yarn was visually assessed for its ability to lift and drop as the magnetic field was 
repeatedly applied and removed. Qualities of magnetic lift were broken down into high, mo-
derate, and low. High magnetic lift showed a rapid attraction to the neodymium magnets, 
moderate magnetic lift showed a slower attraction to the magnets, and low magnetic lift sho-
wed very little or no attraction to the magnets. 

The quality of absorption was assessed through visual and tactile methods. Absorption qua-
lity was assessed by examining the richness of the yarn colour and examining the yarn texture 
for “slipperiness” by rubbing the yarn while looking closely at its fibre matrix. This visual 
examination can give a clues to how deep the ferrofluid was drawn into the yarn fibre matrix. 
Post-treatment aesthetics looks at the visual and tactile changes to the yarns after treatment. 
Colour, texture, flexibility, and smell were considered through examination of the yarns. 

DESIGNING FERROMAGNETIC YARNS EXPERIMENT I
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Figure 8 Where yarns are thinner, the tassels are formed 
with a larger number of yarns; consequently where yarns 
are thicker, tassels are formed with fewer number of 
yarns.

Figure 9 Drying yarns for 24-48 hours

Analysis: The post-treatment yarns are presented in Table 1: Natural ferromagnetic yarns, 
and Table 2: Synthetic and combination ferromagnetic yarns on pages 74 and 75, respectively. 
These charts show the visual qualities of the yarns and identify their fibre composition and 
yarn weight. 

The charts found on pages 76 - 81 are illustrated as concentric rings that form a 75% closure. 
Each ring is divided by three stages: high (75% complete ring), moderate (50% complete 
ring), and low (25% complete ring). The degree of completion of the ring indicates whether 
the quality was high, moderate, or low. This is further reflected with the colours, where rings 
of the same colour have the same measure (e.g. All light purple rings express high, all light 
green rings express moderate, etc.). 

While the yarn mobility may open to new-
found interactions of ferromagnetic yarns, 
the brown tones of the yarns can be seen as 
an aesthetic limitation. However, ferroagne-
tic yarns can be combined with other non-
ferromagnetic yarns in a textile construc-
tion for aesthetic purposes. Notably, using 
ferrofluid on black yarns offers a discrete 
solution where the characteristic brown of 
the ferrofluid cannot be seen over the black 
yarn colour (Fig. 10). The yarns also become 
tacky to the touch, but this quality dimi-
nishes as the yarns continue to dry. There 
is an odour to the yarns that derives from 
the combination of oil, surfactant, and fer-
rite. This odour could be reduced by using a 
water-based ferrofluid.

Certain yarns such as synthetic monofila-
ments are not able to absorb the ferrofluid 
and can therefore act as resist yarns in a 
magnetic textile (Fig. 11). As resists, they 
are non-responsive to an applied magnetic 
field. It means that in the process of hand-
painting an entire textile, one can paint fre-
ely without concern where resist yarns are 
used as these areas will not interfere with the 
interaction (Fig. 12). 

Figure 10 Painting black yarns

Figure 11 Resist yarns

Figure 12 Woven textile combining ferromag-
netic and resist yarns



Cottolin 11/2 Cotton 30/2 Cotton 20/2 Cotton 4/2

Linen 80/2 Linen 50/1 Lintow 10/1 Lintow 8/1

Paper, fine Paper, bulky Viscose 20/1 Viscose 10/2

Viscose 8/2 Wool 5/2 Wool 4/2 Wool 100/2

Wool 36/2 Wool 20/2 Wool 8/2

Table 1 Natural ferromagnetic yarns

Effect polyester (63) Effect polyester (64) Effect yarn (62) Effect yarn (67)

Effect yarn (68) Effect yarn (69) Glass fibre, fine Glass fibre, bulky

Nylon Polyester 24/2 Trevira Low-Melt fila-
ment yarn

Polyester 40/2

Polyester Polyester PVA Synthetic

Table 2 Synthetic and combination ferromagnetic yarns



Chart 1
natural yarns - magnetiC lift
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Chart 2
synthetiC and Combination yarns. 

magnetiC lift

EXPERIMENT I

This chart shows the degree of magnetic lift that each natural ferromagnetic yarn exhibited when placed in an applied 
magnetic field. Overall, natural yarns responded well to the ferrofluid, therefore 16 of the 19 yarns exhibited high or 
moderate levels of magnetic lift. Paper yarns did not respond as well and this is possibly due to the high degree of 
twist, absorption quality of the material, or stiffness of the yarn. 

Here, the chart shows that 9 of the synthetic yarns exhibited high magnetic lift, 3 exhibited in moderate levels of lift, 
and 9 exhibited low levels of lift. It is difficult to know whether this is based on their chemical composition, absorp-
tion qualities, or mechanical aspects such as twists, as several are the yarns were highly textural synthetic effect yarns 
of unknown fibre type. However, it is demonstrated here that fine synthetic yarns as well as natural-synthetic combi-
nation yarns tend to exhibit high levels of magnetic lift.   77



Chart 3
natural yarns - absorption quality
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Chart 4
synthetiC and Combination yarns

absorption quality

DESIGNING FERROMAGNETIC YARNS EXPERIMENT I

The chart above illustrates natural yarn’s ability to absorb the ferrofluid. Where absorption ability is higher, more iron 
particles are retained within its fibres. This increases the amount of magnetic lift, though it is also countered by the 
physical weight of the yarn after it has absorbed the ferrofluid.  Fine natural yarns absorbed the ferrofluid well and 
retained a physical lightness to them, while medium and bulky yarns absorbed the ferrofluid relatively well but were 
physically heavier to lift. 

Here, the chart shows that synthetic and combination yarns were less absorbent than natural yarns due to range of 
chemical composition and the quality of synthetics to repel moisture. Combination yarns increase the absorption 
quality through the inclusion of natural fibres, which have demonstrated high absorbency.



Chart 5
natural yarns - yarn mobility
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Chart 6
synthetiC and Combination yarns. 

yarn mobility
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DESIGNING FERROMAGNETIC YARNS EXPERIMENT I

The chart above illustrates the degree of mobility of natural yarns post-treatment. Mobility is affected by the absorp-
tion of ferrofluid in the yarn, which affects its physical weight. However, flexibility and yarn thickness are also related 
qualities that can affect the mobility of the yarn. Here it can be seen that over half of the natural yarns exhibit high 
to moderate yarn mobility post-treatment. Yarns that exhibit lowest degrees of mobility were certain bulky weighted 
yarns, while all fine weight yarns exhibited high mobility. 

This chart illustrates the degree of magnetic lift in relation to the physical weight of synthetic and combination yarns 
post-treatment. Similar to the natural yarns, fine weighted yarns exhibited high or moderate degree of mobility while 
bulkier yarns exhibited lesser mobility. 
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Where ferromagnetic yarns exhibit low le-
vels of magnetic lift, it is possible to increase 
the magnetic field strength by changing the 
number, type, or strength of the magnets be-
ing applied. However, this can also change 
the nature of the interaction of the yarn in 
the magnetic field, as very strong fields can 
elicit rapid attraction and can be difficult to 
release the yarn from the hold of the mag-
netic field. 

When a magnetic field is applied (Fig. 13), 
ferromagnetic yarns exhibit a variety of be-
haviours ranging from lifting/dropping, ex-
pansion/compression, and fluctuating mo-
vements. These expressions are based on the 
yarn variants of fiber composition, physical 
weight, flexibility, and absorption quality. 
Notably, the kinetic qualities of the yarns re-
main inactive and hidden, appearing as con-
ventional yarns in a textile structure until 
they are placed in an applied magnetic field. 
Combined with the expressive qualities of 
the textile, the interaction affordances of the 
yarn are highlighted through an interaction 
scenario. 

The key variables that determine the magnetic radiance of a ferromagnetic yarn are its ability 
to absorb ferrofluid, combined with the physical weight of the yarn. A yarn’s ability to absorb 
the ferrofluid affects the amount of ferrite particles present in the yarn, which in turn affects 
its magnetic lift quality when placed in an applied magnetic field. Yarns in this sample base 
that were very fine (such as NE2 80/2 linen or NM 100/2 wool-polyamide blend) were not 
comprised of enough fiber to saturate with ferrofluid, which therefore limited the amount 
of ferrite particles present in them post-treatment. However, these yarns were still able to 
express magnetic lift as they were physically very light yarns that did not require much force 
to move their mass. Heavier yarns such as a bulky wool are constituted with more fiber ma-
terial, thus were able to saturate with more ferrofluid (than finer yarns, but in doing so their 
mobility was compromised as they became heavier to lift under an applied magnetic field.

Absorption of the ferrofluid by the yarn was conducted qualitatively through visual and tac-
tile examination of the yarn while wet with the fluid. Yarns that were more absorptive were 
able to retain the ferrofluid and therefore had more ferrite particles in their fibres. This was 
seen for example in wool and cotton yarns, and thicker yarns that offered more surface area. 
In contrast, synthetic yarns were less absorptive due to fibre quality of being less porous. 
However, texturization of synthetic yarns may account for the few synthetic yarns that sho-
wed high absorption. Yarns of either type (natural or synthetic) that were very fine are less 
absorptive due having less fibres for the ferrofluid to adhere to, however they can still exhibit 
high magnetic lift if there is less attractive force required to lift the physical weight of the yarn.

The visual qualities of  the yarns have been analyzes based on colour, lustre, and visual tex-
ture. The yarns retain a brown colour, however the shade of the Brown is determined by the  
fibre qualities. For example, natural yanrs absorbed the ferrofluid better and were therefore 
darker than some synthetic yarns where the ferrofluid sat atop the yarns rather than being 
absorbed into them. The brown colour can be seen as a limitation for some, however it can 
be disguised as black when black yarns are used as the base material to be painted. The lustre 
of yarns becomes slighly diminished. Regarding texture, the yarns are initially tacky to touch, 
but after a few days of drying this quality is lost. The yarns remain soft and supple, and fuzzy 
where fuzzy yarns were used. 

Figure 13 Applying magnetic field to ferro-
magnetic yarns
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Ferromagnetic yarns enable the possibility of designing magnetic interactions within textiles 
by making use of nuanced expressions that can be embedded in the textile structural design. 
This experiment explores the process of weaving design with the ferromagnetic yarns develo-
ped in Experiment 1 and draws on their post-ferritic treatment qualities and resultant design 
potentials in order to produce a set of magnetic textile samples.

Aim: The aims was to explore the use of magnetic yarns from Experiment 1 across woven 
textile structures; to observe and analyze the characteristics of the yarns in use, and their 
limitations; and to identify the aesthetic qualities of the woven textile, and resulting overall 
expressions.  

Setup: Based on their qualities and attributes demonstrated with the ferroamagnetic yarns in 
Experiment 1, the ferromagnetic yarns were categorized into the following broad groups of 
woven textile design possibilities: floats, lightweight weaves, dense weaves, cut/looped pile. 
The yarns were selected based on their attributes and design potentials exhibited at the yarn 
level, whereas the woven structures were selected based on the textile design possibilities 
identified during the yarn-level evaluation. Textiles were designed using Scotweave software 
and were woven on both computerized ARM handlooms and Jacquard looms.

Method: To begin, yarns were placed on weaving spools to prepare for the weaving process. 
At the onset, a limitation to the yarns was discovered: the ferritic content of the yarns stained 
the weaving spools. This presented a concern for potential staining of components of the 
computerized handlooms. A similar concern was presented with their use on the Jacquard 
loom, and there was an additional concern that the iron particles in the ferromagnetic fluid 
might interfere with the sensors and mechanics of the loom. As a result, the method of crea-
ting these textiles by handweaving needed to be modified from weaving with the yarns di-
rectly on the looms to weaving the textiles first, and later hand-paint them with ferrofluid.  

The structures explored were plain weave, plain weave with floats, twill, sateen, waffle weave, 
and terry. Yarns used were natural yarns that showed high absorption ability and magnetic 
lift qualities based on the results of Experiment 1, as well as resist yarns in some samples that 
could decrease the magnetic lift in areas where they were used. The sample sizes were woven 
at 10-20cms by 30cms, and were later cut to approximately 10cm by 20cm. 

FERROMAGNETIC WOVEN TEXTILES EXPERIMENT II

A basic handpainting technique was employed to paint the samples. In some cases, the samp-
les were painted all-over, while in others only certain areas were painted. The samples were 
left to dry for approximately 48-72 hours. The drying time depends on the yarn thickness 
and amount of ferrofluid applied. As an oil-based ferrofluid was used, the samples remain 
somewhat tacky to touch after the drying period.



Figure 14 Woven textile combining ferromagnetic yarns with resist yarns



Figure 15 Woven textile combining ferromagnetic yarns with resist yarns
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Figure 16 Basketweave structure with resist yarn in warp direction and linen yarn in the weft direction (left). All-over fer-
rofluid application and magnetic field testing (right). 

Figure 17 Plain weave structure with black wool in warp direction and white wool in the weft direction (left). All-over fer-
rofluid application and magnetic field testing (right). 

Figure 19 Doublewoven blocks structure with intermittent warp. Black and white cotton in warp direction, pre-treated fer-
romagnetic viscose weft yarns. Magnetic field testing (right). 

Figure 18 Woven Terry structure with all-over ferrofluid application. Magnetic field testing (right). 
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Analysis: In woven textiles, the ferromagnetic yarn qualities and the woven structure work 
together to determine the textile’s responsivity to an applied magnetic field. Ferromagnetic 
yarns influence the responsivity based on how well they absorb the ferritic fluid, which is 
further determined by fiber type, weight, and count. The textile’s responsivity to an applied 
magnetic field depends on the density of magnetic yarns when placed in the woven textile 
structure. Where the yarns are more tightly packed, more ferrite particles exist, allowing for 
greater responsivity to a magnetic field in the form of attraction. 

Based on the analysis of Experiment 1, fine yarns that maintained softness, flexibility, and 
lightness after ferritic treatment were identified as being suitable for light/open weaves and 
woven designs with high mobility floats. Heavier yarns and those that exhibited stiffness 
were identified as being suitable for more textured weaves, and in some cases held greater 
potential for maintaining sculptural form. Some yarns were identified as having potential 
for cut or looped pile based on the texture, weight, and flexibility exhibited post-treatment. 
Additionally, yarns that did not respond to a magnetic field have the ability to act as resist 
yarns. These resist yarns can help to isolate magnetic behaviour to certain areas of the textile 
structure. 

The key variables for woven ferritic textiles are balance and density, both of which directly 
affect the magnetic field strength. When a textile structure is balanced, the ratio of warp and 
weft threads are the same (Sinclair, 2014). In ferritic textiles, the balance also relates to the 
even application of ferrofluid on face and back of the material. When the ferrite is the same 
on face and back, and across the surface of the textile,  the textile produces a balanced overall 
magnetic field response, as in Fig. 16 and 17. Where the magnetic field is obscured by non-
ferritic or resist yarns, the magnetic field strength will be diminished in those areas, as in Fig. 
15 and 19.. The notion of balance is also affected by warp and weft yarn qualities. Contrasting 
fibre types, yarn weights, and irregularities in their structures can cause a ferritic woven tex-
tile to have an imbalanced magnetic field, where the distribution of ferrite particles is uneven 
throughout the material. Furthermore, the density of the woven construction affects the con-
centration of ferrite particles within a given area. Where ferritic yarns are more dense in the 
structure, the ferrite particles are more concentrated, and a stronger magnetic field response 
is elicited, as in the pile face of a terry weave (Fig. 18).

Due to the ferritic content, textiles painted with ferrofluid retain a brown colour. This is an 
aesthetic limitation that can be managed by combining other coloured yarns in parts of the 
textile, through using resist yarns that will not absorb the ferrofluid, and through disguising 
the brown colour by using black yarns (Fig. 15). Further aesthetics can be worked with th-

rough structure and texture of the overall textile.

Further design possibilities

Complexity involving yarn weights and resist yarns in combination with structural variations 
modulates the magnetic field across the textile, however further exploration involving more 
complex woven textile structures can elaborate on the foundations found in this experiment. 
The challenge remains of how to work within the limitation of post-construction ferritic tre-
atment of the textile, as the ferrofluid can stain tools (such as looms, reeds, and shuttles) used 
in the process of making. Further, the implication for interaction design needs to be explored 
further. Ways of creating kinetic movements in magnetic textiles are possible through the 
method proposed, however ways in which desiging enticing interaction experiences with 
the textiles remains. Touchless mobility of the yarns is possible as their ferrite content allows 
them to be controlled by electromagnetic fields, so the combination of this method of creating 
magnetic textiles and the use of electromagnets, for example, has the potential to give rise to 
new textile interaction design expressions.  
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When electrical current is applied to the conductive yarns of an electromagnetic textile, a 
magnetic field is produced perpendicular to the yarn (Fig. 20). The non-visual qualities of 
electromagnetism mean that methods and tools are required in order to perceive this do-
main, yet existing methods and tools are often inaccessible due to the technical knowledge 
and skill sets required to use them and to interpret their data. This experiment sets out to ex-
plore the influence of woven structure on magnetic field shape, and in the process of doing so 
it introduces a method of magnetic textile surface scanning that visualizes the magnetic field of 
a woven textile structure. This is a measurement process that opens to a designerly interpreta-
tion of what is otherwise technical data. The focus regards the field shape of the textile surface 
in relation to the textile designer’s nuanced understanding of a woven textile structure. This 
experiment focuses on a single-pass reading of the textile surface.   

Aim: The aim of this experiment was to explore the influence of a woven textile structure on 
the magnetic field produced when the textile is constructed using current-carrying conduc-
tive yarns, and further, whether the modification of textile design variables such as material, 
structure, density, and layering produced any effect on the shape of magnetic field.

Setup: A camera mount was modified to hold a mobile phone, allowing for smooth move-
ment over the surface of the textile sample. The slider was placed vertical to the Earth to avoid 
interference from the Earth’s own magnetosphere (Fig. 21). The textile was hung vertically by 
being pinned to a board, and was connected to 1A of DC current across approximately 1cm 
high and 30cm long of the textile.

An enameled copper yarn was selected for the samples. The copper yarn is 34-gauge 
(0.16mm), and has an electrical resistance of 0.89 Ohms per metre. The warp materials va-
ried depending on the loom used, and include wool (32/2 and 16/2, cotton 30/2, and nylon 

SHAPING ELECTROMAGNETIC FIELDS IN 
WOVEN TEXTILE STRUCTURES EXPERIMENT III
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The basic planar structure of twill was initially selected, as it was anticipated that it would 
provide a relatively even magnetic field reading due to its high density and planar surface 
texture. Second, a highly textured structure of waffle weave was chosen in two scales, large 
and small, which was thought could show variation in the magnetic field shape and strength 
as a result of its volumetric qualities. Structures were selected that showed contrasting den-
sities across the textile. These were mock leno, which has small-scale density contrasts, and 
honeycomb, which has large-scale density contrasts. It was thought that alternating areas of 
contrast might express themselves through the magnetic field shape and strength as well.

All structures were designed using Scotweave design software and were woven on 24-shaft 
computerized ARM looms with respective warps materials and densities, identified within 
the properties of each sample. The computerized handlooms were used for their high number 
of shafts, which allows for multiple layered textiles, and the high density of the warp (24 ppc). 
This gives a more refined aesthetic, where thin yarns can be used as warp and weft, and high 
density textiles can still be achieved. They also offer the possibility for layered compound 
weave structures, as well as a rapid changes to the weave designs through computational 
programming. 

Figure 21 The experiment setup illustrating the vertical positioning of the textile samples and the 
scanning direction 

���

Figure 20 A magnetic field (illustrated with dotted lines) is produced perpendicular to conductive 
current-carrying yarn. Pink arrows indicate the direction of current flow, while black arrows indicate 
the direction of the magnetic force. 
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monofilament 0.17mm). 

The experiment explored doublewoven twill, waffle, honeycomb, and mock leno. These basic 
structures were chosen so as to begin in a simplified manner in the context of these founda-
tional experiments, where a base layer of knowledge of textile and phenomenon interrela-
tions could be introduced. The selected structures also provide a range of textural qualities, 
volume, and density changes, that were thought result in range of topologies across the sam-
ple base.

In woven textile design, density is expressed as PPC (picks-per-centimeter, weft direction) 
and EPC (ends-per-centimeter, warp direction). Some structures are dense all over, while 
others have concentrated areas of higher density that contrast with areas of lesser density. 
Warp densities are 24 EPC except in the case of small waffle weave (Fig. 25) and large waffle 
weave (Fig. 26), which had 12 EPC.

Method: A method of magnetic textile surface scanning was devised for this experiment.This 
method is composed of a physical setup, a sensing technique, and mobile phone app in order 
to obtain an image of the magnetic field shape of the textile. The resulting data contains a 
set of magnitude readings of the electromagnetic field produced by the textile. The mobile 
phone app “Magnetic Field Sensor” by SMF Apps GbR was used in this experiment. Through 
the app one can access the magnetometer data from the magnetometer sensor in the mobile 
phone. The data stores as a graphical image output of magnetic field strength plotted over 
time, and also as a text file containing XYZ positional data, Teslas, and time. The use of the 
app was to move away from expensive laboratory equipment and adopt a tool that is easy 
both to use and to interpret the data. The samples were placed antiparallel to the Earth i.e. 
suspended  vertically against a support wall (see Fig. 21) to avoid conflicting sensor readings 
with the Earth’s own magnetic field. On the day of experimentation, the Earth’s magnetic field 
at the location was 50,901 nT (Magnetic Field Calculators, n.d.). The following steps were 
taken to perform the method: 

1. The sample was adhered to a vertical board with weft direction running vertically, and the 
face of the textile facing away from the surface. 

2. The ends of the conductive yarns on the sample were connected to power and ground 
connections on a power supply. An area of 30cm wide by 1cm high was interpreted in each 
sample. 

SHAPING ELECTROMAGNETIC FIELDS IN 
WOVEN TEXTILE STRUCTURES

3. Power was connected at the first row of the textile and ground was connected 1cm further 
along the textile surface, weft-wise. 1A of current was carried through the weft yarns of the 
sample. 

4. A mobile phone was mounted on a slider. The slider was positioned so that the mobile 
phone sensor sits 2mm from the sample surface. 

4. The magnetometer app was opened. The ”live plot” option was selected and ”start” was 
pressed. 

5. A single-pass reading was taken. The slider was moved from top to bottom, scanning from 
one selvedge of the textile to the other, completing 30cms in  approximately 10 seconds. 
Timing was kept using a separate timer device.

Weft-faced Doublewoven Twill

Figure 23 Textile detail of doublewoven twill (copper face, left); magnetometer plot output measured across a 30cm wide textile 
sample, suspended vertically, scanned from top to bottom

Figure 22 Structural notion of weft-faced twill
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Waffle Weave

Waffle weave is a woven structure consisting of a matrix of cells that form peaks and valleys 
on both sides of the textile (Fig. 24). Warp and weft threads float on both surfaces, and the 
result is a thick, dense textile where the peaks and valleys can give dramatic visual effect with 
scale and material choice (Alderman, 2004). The first waffle weave sample (Fig. 25) presents a 
smaller structural repeat using copper yarn weft at a density of 34 PPC, and wool warp at 16 
EPC. Each cell measures 1.5cm in width (peak to peak, horizontally). The copper yarn floats 
over 11 warp threads, and with each incrementing weft pass the float number decreases by 
2 steps until a single thread in the repeat remains. The number of warp threads that the weft 
floats over begins to increase again, until it floats under 11 warp threads, and begins yet an-
other decrease. Where a copper yarn peak is formed on the face, a peak in the warp direction 
and warp material is created on its reverse side. 

Figure 25 Structural notion of waffle weave

This structure produces a thick doublewoven cloth with a density of 60 PPC and 24 EPC.When sensing on 
the back dielectric cotton layer while current is being applied to the copper layer on the opposite side, the 
magnetometer reading decreased to approximately 40 μT when the magnetometer was moved across the 
textile surface from left to right over the course of 10 seconds. In a doublewoven textile structure where 
one layer is conductive and the other is dielectric, there appears to be a certain amount of absorption and 
directionality to the magnetic field, where the magnetic field is decreased by the cotton layer, thus creating 
an imbalance in the magnetic field emission between face and back of the textile. 

Figure 24 Textile detail of doublewoven twill (dielectric cotton back, left); magnetometer plot output measu-
red across a 30cm wide textile sample, suspended vertically, scanned from top to bottom

In this structure, the copper yarn floats are able to pack tightly against themselves in their 
peak formation, which creates areas of increased weft density. Its effect on the electromag-
netic field is visibly demonstrated when we compare the textile image in Figure 25 to the 
magnetometer plot beside it. It is observed that where copper yarn peaks are formed, the field 
intensity correspondingly peaks, whereas when the cotton yarn peaks in the warp direction, 
the field intensity decreases due to the dominance of dielectric material on the surface. 

The second waffle weave structure (Fig. 26) increases the cell size of the structure so that 
each cell measures approximately 3cm wide. However, cell depth is not as noted as in the 
small waffle weave, and its density is less, at 24 PPC with 16 EPC. Despite this decreased 
density, 24 PPC still allows for uninterrupted weft floats to pack together, thus increasing 
the electromagnetic field strength in areas where copper yarn peaks are formed. Comparing 
the textile detail image in Figure 26 to the magnetometer plot beside it, we observe that the 
magnetometer plot follows the peak-and-valley structure of the waffle weave. Where copper 
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HoneyComb

Honeycomb weave structure is characterized by its undulating weft that circles sections of 
plain weave in the ground layer (Sinclair, 2014). The honeycomb sections are designed as 
alternating blocks of larger and smaller size (Fig. 27). In these samples, copper yarn was used 
first as complimentary weft material in Figure 28, and then as ground weft material in Figure 
29. In the sample seen in Figure 28, 16 strands of copper yarn were placed in an electrically 
parallel configuration in preparation for use as the complimentary weft, while the primary 
weft for the ground was cotton yarn (30/2). The woven density was 8 PPC in the ground 
weave, 4 PPC in the complimentary weave, and 40 EPC. Comparing the textile detail image 
in Figure 28 to the magnetometer plot beside it, the block design of the tangible honeycomb 
structure corresponds with the block-like shapes that appear in the magnetometer plot. The 
field is stronger when the magnetometer is above the areas where the copper yarn compli-
mentary weft is dominant, and then weaker when the magnetometer is above areas where 
dielectric ground weft is prominent.

Figure 26 Textile detail of small waffle weave (left); magnetometer plot output measured across a 30cm wide textile sample, suspen-
ded vertically, scanned from top to bottom

Figure 27 Textile detail of large waffle weave (left); magnetometer plot output measured across a 30cm wide textile sample, suspen-
ded vertically, scanned from top to bottom
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yarn peaks are formed, the magnetometer reading correspondingly peaks, whereas when the 
cotton yarn peaks in the warp direction, the magnetometer reading decreases due to the 
dominance of dielectric material on the surface. Notably, the magnetic field strength in this 
structure is stronger that the small waffle weave sample (Fig. 25), despite it being less dense. 

Figure 28 Structural notion of honeycomb
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In the second honeycomb sample (Fig. 29), a single copper yarn was used as the primary weft 
material, and a bulky dielectric paper yarn was used as the complimentary weft material. The 
density of the textile was 16 PPC in the ground weave, 4 PPC in the complimentary weave, 
and 40 EPC. Comparing the textile detail image to the magnetometer plot beside it, it is ob-
served that the shape of the block design that characterizes the honeycomb pattern becomes 
visible on the magnetometer output. In this sample, the magnetic field is stronger in the 
plain weave sections where copper wire is used as the primary weft, and is weaker where the 
dielectric complimentary weft is dominant. In addition, the areas where the copper yarn is 
dominant in the second sample (Fig. 29) are less strong than the areas of copper yarn in the 
first sample (Fig. 28). 

Figure 29 Textile detail of honeycomb structure with copper yarn as complimentary weft (left); magnetometer plot output measured 
across a 30cm wide textile sample, suspended vertically, scanned from top to bottom

Figure 30 Textile detail of honeycomb structure with copper yarn as primary weft (left); magnetometer plot output measured 
across a 30cm wide textile sample, suspended vertically, scanned from top to bottom
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Mock Leno

Mock Leno is a basic open-weave structure that creates small-scale areas of contrasting den-
sity (Fig. 30). Openings are formed in the textile through interlacing three or more warp or 
weft threads, and then alternating the interlaced group in the next set (Sinclair, ibid., p. 276). 
The woven sample has a copper wire weft of 20 PPC and a wool warp of 24 EPC. Comparing 
the textile detail image to the magnetometer plot beside it (Fig. 31), it is observed that despite 
the alternating areas of plain weave and floats across the textile’s surface, the electromagne-
tic field shape and strength expresses itself relatively evenly. While the structure has strong 
constrasts, the scale of them are relatively small pattern repeats, which perhaps does not 
provide a high enough degree of constrast to appear strongly in the electromagnetic field 
shape emitted. 

Figure 31 Structural notion of mock leno

Figure 32 Textile detail of mock leno structure with copper yarn as complimentary weft (left); magnetometer plot output (right)
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Analysis: The following three textile design notions play a role in shaping of non-frequency 
electromagnetic fields in woven textiles: variations in the textile structure, where conductors 
and dielectrics alternate surface dominance; density of conductors in the structure, where 
increased density of conductors correspondingly increase electromagnetic field strength; and 
placement of the conductors within the textile structure. 

The complexity of the textile structure, where interlacements and patterning create contras-
ting electromagnetic field emissions, contributes to a quality of shape to the electromagnetic 
field. In a basic structure such as a twill, where the weft is carried through the warp without 
density changes or other great variations in structure, creates an even surface expression of 
the electromagnetic field. On the other hand, the volume-producing interlacements in a waff-
le weave structure creates visually rhythmic and constrasting increases and decreases in elec-
tromagnetic field strength that follow the physical peaks and valleys of textile structure. The 
stark constrasts in this structure correspond with constrasts in electromagnetic field strength 
in the magnetometer plot. A similar rhythmic change in electromagnetic field expression is 
observed in the magnetometer plots of the honeycomb textiles, which appear to follow the 
structural changes in the textile, where sections of dialectric weft and current-carrying cop-
per weft alternate in surface domination.

Furthermore, the density of the current-carrying copper weft is a factor in the shaping of 
where increased density results in increased electromagnetic field strength. This is most no-
ticeable in Figure 28, a honeycomb with copper yarn as the complimentary weft material. In 
this sample, 16 threads of copper yarn were twisted together and used as weft to accentuate 
the cellular expression of the structure. In these areas where copper is denser and in mul-
tiples, the electromagnetic field strength is increased as the yarn group is able to carry more 
current through the weft pass. An additional factor is the placement of the copper weft in 
the structure, where the layering or revealing of copper wire in a multilayer woven structure, 
where concentration or diffusion of magnetic field strength takes place over an area. It has 
been observed that in areas of the samples where copper yarn was carried to the surface of the 
textile, the electromagnetic field strength was increased. In areas where the copper yarn was 
carried below other threads, for example in waffle weave when the warp is dominant on the 
face of the textile, the electromagnetic field strength is decreased. Similarly, when attempting 
to sense the electromagnetic field of the doubleweave twill through the cotton-faced layer the 
electromagnetic field strength was decreased. 

Further design possibilities

The results suggest that the structural design decisions one takes when weaving with current-
carrying conductive yarns leads to the formation of an electromagnetic field that carries an 
impression of the structural design. In the electromagnetic domain, a new dimension of tex-
ture is apparent as the variations in shape of the electromagnetic field, which is produced by 
changes in intensity. These changes in field intensity are the result of layering of conductive 
yarns within the structure, and are, additionally, leveraged by the layering of dielectric ma-
terials on their own and with the conductive yarns. The idea that there is an intangible field 
expressed around the textile extends existing notions of textile expression, where a form of 
expression also takes place beyond the physical boundaries of the textile, and further suggests 
that multiple dimensions of texture exist.

This new knowledge can lead to further development of the magnetic textile scanning met-
hod, for example the ability to take sequential readings to illustrate the electromagnetic field 
over a surface area. Accuracy of the method and its results can be improved through collabo-
ration with engineers and/or scientists. Methods of real-time interaction are also a possibility, 
where the interpretations of field intensity could, for example, be revealed through aesthetic 
visualizations rather than scientific ones. Further, it could be possible to design textiles that 
generate intentionally-shaped electromagnetic fields, as a way of ”drawing in free space”.    
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experiment iv: frequenCy-based knitted textiles
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This experiment was conceived of as a way to better understand the influence of structural 
and material selection of knitted textiles on their frequency behaviour. Frequency behaviour 
can give an indication as to how the knitted textiles may behave as antennas and therefore-
provide helpful information for the structural and material decisions that one makes when 
designing a knitted textile antennas. Knitted textile antennas have been researched and de-
signed for the purpose of wireless communication on the body. Antennas of this type are 
required to be flexible so as to fit the contours of the body in movement and interaction. The 
experiment was developed and analyzed in collaboration with a researcher with experience 
in electrical engineering.

Aim: The aim of this experiment was to explore the influence of knitted structure and mate-
rial selection on the frequency behaviours of knitted textiles. 

Setup: An anechoic chamber was made using PVC piping to form a 60cm3 cube. The cube 
was wrapped in six layers of aluminum foil grounded to mains ground. A constant measure-
ment sample of plain knit copper stretched in an embroidery hoop was sat upon a piece of A3 
paper to insulate from the chamber, while another piece of paper laid atop it to create space 
between the constant and the textile sample being analyzed (Fig. 32)

 

The equipment used was the PicoScope Frequency Response Analyzer (FRA). 4V of stimulus 
were used, with a starting frequency of 10Hz and end frequency of 100000Hz, with 20 steps 
per decade. The testing circuit used a 555K pulldown resistor between FRA and the textile 
sample. 10 successive measurements were run per textile sample, without changes to the set-
tings or manipulation of the test environment.

Method: The textile samples were knitted on a Mayer and Cie circular industrial knitting 
machine, gauge E12, capable of handling stiff yarns such as metals. The samples were knit-
ted with a stitch length of 18 where plain knit occurred, and stitch length of 6 for floats and 
tucks. The following structures were explored: plain knit, plain knit with floats on every 4th 
needle, pique structure. Variations of stripes and dielectric plaiting were used to change the 
density of conductive areas in the textiles.  The structures were chosen in accordance with 
the configuration of the industrial circular knitting machine. Materials explored were copper 
(0.10-0.15mm), stainless steel (0.10mm), brass (0.10mm) as conductive yarns. This selec-
tion was based on the strength and reliability of the yarn when placed under tension in the 
knitting machine, where a reasonable sample (approx. 1 meter) could be produced without 
dropped stitches or broken yarns. 

Dielectric materials used included cotton, wool, lycra, lurex, and Trevira Low-Melt filament 
yarn, a heat-sensitive shrinking yarn. These were based on qualities of yarn thickness, where 
a fine cotton yarn and a heavy wool were used for variation in dielectric properties, Lycra 
- stretchy material that increases the elasticity of the overall textile, and Lurex - a sparkly pla-
ting yarn that was included for aesthetic variation of colour of the textiles. Trevira Low-Melt 
filament yarn was used to shrink the knitted structure together using an after treatment of 
steaming, potentially increasing the density of the knitted conductive yarns while adding a 
dielectric quality. The sample list produced can be seen in the Table 3, below. Approximately 1 
meter of each sample was knitted. After the knitting, samples were stretched in 27cm diame-
ter embroidery hoops for testing, with excess material trimmed off. Only sample T4 (Trevira 
Low-Melt filament yarn) was steamed before placing it in the embroidery hoop. 

SAMPLE STRUCTURE MATERIAL 1 MATERIAL 2
T1 Alternating rows, plain knit, 1x1 Brass Black lycra

T2 Plain knit, float every 4 needles Copper

T3 Alternating rows, plain knit, 1x1 Copper Brass

T4 Plain knit Stainless Steel Trevira Low-Melt fila-

ment yarn

T5 Pique Stainless Steel, 0 .12mm

T6 Pique Stainless Steel, 0 .10mm

T7 Alternating rows, plain knit, 1x1 rows Brass Wool

T8 Alternating rows, plain knit, 1x1 rows Brass Wool

T9 Plain knit, every other needle, 4x4 rows Copper White lycra

T10 Plain knit, plaited Copper Cotton

FREQUENCY-BASED KNITTED TEXTILES EXPERIMENT IV

Figure 33 Circuit diagram of experimental setup  

Table 3 Textile Sample Properties
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Each textile sample was measured ten times to produce a measurement set. From each set, an 
average was calculated for both gain and phase. The measurements within each measurement 
set were then plotted within the same graph (Chart 7) along with their averages. The resulting 
graphs were visually analyzed for variations within each measurement set. The measurement 
sets were then visually compared to each other in order to observe any similarities between 
the variations. Finally, the averages of all measurement sets were visually compared, to ob-
serve the differences of the frequency-behaviour.

Analysis: The results show that capacitive energy transfer occurs and data indicates that the 
textiles could be used for signalling purposes. With the exception of T4 (stainless steel and 
Trevira Low-Melt filament yarn), all of the sets show capacitive behaviour throughout the 
stable frequency range. With the exception of T4, all samples are almost identical with their 
gains. Similarly, the textiles exhibit almost identical phase behaviour. These results indicate 
that the textile samples are electrically almost identical, and can be used interchangeably in 
terms of electrical design. T4 exhibited a different response to other samples. It is yet unclear 
what the cause of the differences are, and repetition of the measurement set has produced 
identical results. It appears that the T4 has a strong inductive element in addition to the 
capacitive. This may be due to the selected yarn and the knitting pattern. Upon visual inspec-
tion of each individual measurement, the majority of the sets are similar in behaviour. T4 has 
some notable differences to the remaining sets. Each set exhibits a stable and almost identical 
frequency response between the 320Hz - 31kHz range within the respective sets. This means 
that neither the phase nor gain differs considerably between the successive samples within 
each individual measurement set. Each measurement set has its average gain within 1dB of 
the average gain of all sets, measured at 31kHz.

The cut-off frequency has been calculated as -3dB from the stable gain at 31kHz. The fol-
lowing uses averages of each set to allow comparison between all sets. All of the sets exhibit 
high-pass behaviour, and have a similar cut-off frequency at roughly 1.8kHz. Almost all of 
the sets have the gains within 1dB of each other set at the cut-off frequency. T7 and T8 are 
slightly above 1dB. Almost all sets are almost identical regarding the shape of the frequency-
response within the stable range. Additionally, T4 appears to have a slight band-pass beha-
viour without quite reaching the required -3dB for higher cut-off. T4 has a lower cut-off point 
at 1.6kHz, as its peak is at 7kHz rather than at 31kHz.

In general, all sets except T4 have almost identical phase behaviour within the stable range. 
There are slight variations, however, and these are within few degrees between the averages 
of the different sets. T4 begins to exhibit stronger phase-change after 1kHz than the majority. 
Furthermore, at roughly 12.5kHz, the behaviour of the system changes from capacitive to 
inductive. 

FREQUENCY-BASED KNITTED TEXTILES EXPERIMENT IV

Ch
ar

t 7
 P

ha
se

 b
eh

av
io

ur
 o

f k
ni

tte
d 

te
xt

ile
 s

am
pl

es
  

114  



116  117  

FREQUENCY-BASED KNITTED TEXTILES EXPERIMENT IV

T1: Brass and lycra
Alternating rows, plain knit, 1x1

T2: Copper yarn
Plain knit, float every 4 
needles

T3: Copper and brass
Alternating rows, plain 
knit, 1x1

T4: Stainless Steel and 
Trevira Low-Melt filament
Plain knit

T5: Stainless Steel 0 .12mm
Pique

T6: Stainless Steel 0 .10mm
Pique

T7: Brass and wool
Alternating rows, plain 
knit, 1x1 rows

T8: Brass and wool (rever-
se) Alternating rows, plain 
knit, 1x1 rows

T9: Copper and lycra 
Alternating rows, plain 
knit, 4x4 rows

T10: Copper plaited with 
cotton 
Plain knit



 

FREQUENCY-BASED KNITTED TEXTILES

This experiment provides a general understanding of the phase behaviour of knitted textiles, 
which can inform textile design decisions for knitted antennas. The results are based on the 
value of the load resistor (555k). If the load resistance changes, the gain/phase behaviour 
change as well. The results indicate that at the scale of structural changes of circular knit-
ted conductive textiles, the qualities of frequency and gain remain more or less the same 
despite variations in material, yarn thickness, structure, and plaiting. Therefore, these design 
decisions can be made with a flexibility that leaves significant space for aesthetic decisions. 
However, variation has been observed in T4 despite multiple readings, which suggests that 
the use of Trevira Low-Melt filament yarn in textile antenna designs may lead to inconsisten-
cies in the electromagnetic qualities of the antenna and is therefore an area requiring further 
investigation. 

Further design possibilities

This experiment has demonstrated that design decisions regarding knitted conductive texti-
les within the same gauge and scale perform relatively equally in the frequency domain. This 
means that the design of knitted textile antennas can be made between receiver and emitter 
pairs with aesthetics differences but that are functionaly similar. Further exploration could 
take place regarding different shapes and scales of knitted textile antennas, and how volu-
metric and non-planar affect the knitted textile’s frequency-based behaviours. 

118  119  



120  

TEXTILE
RADIANCE 

  121

A Framework for Designing Electromagnetic Textile Expressions 

The electromagnetic expression of a textile begins with the decisions at the scale of the ma-
terial, and regard material selection and structural design. Metal and alloy yarns afford the 
movement of electrons at the atomic level. When they are placed in a textile structure, elec-
trons flow through them either in response to an applied voltage, or when vibrated by electro-
magnetic waves from directed or free space. That electromagnetic expressions reside within 
a textile at the material level suggests that decisions regarding textile design variables for 
example technique, structure, density, scale, and overall formal qualities, will subsequently 
affect the electromagnetic domain of the textile. To begin to understand the properties and 
potentials of electromagnetic textiles, designers may therefore look to the relationship of ma-
terial, struc- ture, and their derivatives to explore their influence on electromagnetic expres-
sion in textiles.

Yet, without technological intervention, this expression remains hidden from our senses, and 
so methods of perceiving the electromagnetic domain of textiles are required. Such methods 
are available within practices of science and engineering, however the costly tools and the 
knowledge for how to use and make sense of them and their outputs is often beyond the sco-
pe of the designer. There is a need for sensing methods that are “agile, visual, and adaptable” 
(Mikkonen & Townsend, 2019) for designers to overcome the contrasting scales of matter 
that exist between electron and textile (Dunne, 2005, p.7). As a result, this research proposes 
a framework as method for working designing with electromagnetic phenomena as a mate-
rial in the design of smart textiles. It is a framework through which one can design textiles 
with electromagnetic phenomena as a design material, and that offers methods to perceive 
this domain of the textile that extends beyond our visual and tactile senses.

Central for this research is the notion of textile radiance. Textile radiance describes the overar-
ching expression of the non-visual, intangible quality of electromagnetic textiles. For a textile 
to exhibit radiance is for a textile to electromagnetically extend beyond its tangible surface 
and selvedge. This includes the production of passive magnetic fields through the involvement 
of magnetic materials, the active and impermanent electric fields produced when current is 
applied to a conductive textile, and the excitation of the textile material via electromagnetic 
waves and signals. Textile radiance introduces new design variables and expands existing 
ones within smart textile design. It should not, however, be confused with the technical and 
quantitative measure of ”radiance” that is used in characterize and quantify electromagnetic 
radiation in radiometry.
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Figure 36 Single reading of elec-
tromagnetic field shape emitted 
from the surface of a current-
carrying conductive woven twill 
textile.

Figure 35 Cross-section of a woven 
twill structure. Horizontal weft lines 
are pink, representing conductive 
weft, while vertical warp lines in 
white represent dielectric warp.  

Figure 34 Face view of a 
twill structure

Figure 39  Single reading of 
lectromagnetic field shape emit-
ted from the surface of a woven 
waffle weave textile.

Figure 38 Cross-section of a waffle 
weave structure, where pink lines 
represent conductive weft and white 
lines represent dielectric warp.

Figure 37 Face view of a woven 
waffle weave structure

Figure 42 Single reading of electro-
magnetic field shape emitted from 
the surface of a woven honeycomb 
textile.

Figure 41 Cross-section of a woven 
honeycomb structurewhere pink 
lines represent conductive secon-
dary weft and white lines represent 
dielectric primary weft and warp.

Figure 40 Face view of a woven 
honeycomb  structure

Radiant textile expressions contain two further notions found within that of textile radiance: 
electromagnetic texture and electromagnetic fusion. These additional notions present within 
the textile design process to achieve expressional variations of textile radiance. 

Electromagnetic texture offers textile designers a new perspective to design textural qualities 
that depart the textile design convention of visual and tactile sense, allowing one to design 
expressions within the liminal space between the tangible textile domain and the non-visual 
electromagnetic domain. Electromagnetic texture is described here in relation to the B-field 
(magnetic field) produced by current-carrying yarns. Electromagnetic texture is dependent 
on the combination of structural, material, and pattern designs of the textile that results in 
expressing the electromagnetic field in nuanced ways, much in the way that conventional 
notion of texture in textiles derives from its structural and material qualities in this context. 
It is a graded relation of the textile based on peaks of intensity in the electromagnetic field 
of the textile, producing volumetric variations in the field shape. This can be sensed over an 
area using various sensing methods, for example using the magnetic textile scanning method 
illustrated in Experiment 3.

In the examples to the right, the top sequence shows the basic weave structure of an elec-
tromagnetic twill, that involves a conductive weft (pink) passing over one and under three 
warp threads (Fig. 35). Each weft pass progresses the interlacement one step, resulting in the 
appearance of diagonal lines (Fig. 34). The electromagnetic field line in Figure 36 is a single 
sensor reading across the surface of the textile. It reveals that the texture is flat and consistent 
across the surface of the textile, with little variation in electromagnetic field intensity, and 
therefore electromagnetic texture. As a graded quality, this textile would be said to show a 
low electromagnetic texture

In the second example, a waffle weave is used to illustrate the effect of volume and patter-
ning on electromagnetic texture. Waffle weave is a woven structure consisting of a matrix of 
cells that form peaks and valleys on both sides of the textile (Fig. 37). Warp and weft threads 
float on both surfaces, and in this example the warp is dielectric (white yarn) while the weft 
is conductive (pink yarn). Thus the construction shows alternating areas of conductive and 
dielectric peaks (Fig. 38). The strong volumetric variations of the conductive and dielectric 
materials in the textile construction are expressed as distinct peak-like variations in the elec-
tromagnetic field across the surface of the textile (Fig. 39). The field line in Figure 39 is a 
single sensor reading across the surface of the textile, taken from 2mm above the surface of 
the textile face using the magnetic textile scanning method illustrated in Experiment 3. This 
textile would be said to show high electromagnetic texture. 
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The honeycomb weave structure is characterized by its undulating weft that encircles sec-
tions of plain weave in the ground layer (Alderman, 2004. p.283). The honeycomb sections 
are designed as alternating blocks of larger and smaller size (Fig. 40). Cell shapes are defi-
ned through constrasting yarn thicknesses between the primary (white dielectric weft yarn) 
and secondary conductive weft yarn (pink yarn) (Fig. 41). The qualities of the yarns in this 
structure in combination with the tension of the bindings causes cells to condense and relax 
alternatingly throughout the structure, giving rise to the cellular matrix. When conductive 
yarns are used as secondary weft in this structure, the shape of the cells are outlined and 
thus pronounced in the electromagnetic texture. This is due to the strong contrast between 
a dielectric primary weft and a conductive secondary weft. The result is a highly textural 
electromagnetic field shape (Fig. 42) that reveals block-like variations sensed using a single 
sensor reading taken through the magnetic textile scanning method. 

In the examples thus far, the expression of elecromagnetic texture follows the surface qualities 
that arise from structural, material, and patterning expressions of woven conductive textiles. 
However, electromagnetic texture can also be expressed in ways that contrast the tangible 
surface and textural expression of the textile. For example, when a textile is created with a 
striped pattern that alternates between conductive and dielectric yarns, an increase in elec-
tromagnetic texture can be seen. 

Figure 43 Woven twill structure with alternating conductive (pink) and dielectric rows (blue) 8x8 with 
field shape illustrated over the surface (purple).

Contrasts between conductive and dielectric yarns give rise to a wavy electromagnetic tex-
tural quality that expresses as peaks and valleys across the surface of the textile. Below, a 
woven twill is shown from a cross-section view (Fig. 43). The textile has a white dielectric 
warp (seen here running horizontally), and two alternating weft sections: a blue dielectric 
yarn for 8 weft passes, and a pink conductive yarn for 8 weft passes. The electromagnetic 
field visualization above the textile drawing shows the changes in electromagnetic textural 
expression as the electromagnetic field increases in intensity where conductive yarns lay, and 
decreases where dielectric yarns lay. Therefore a planar textile with very little textural quality 

can express a high degree of electromagnetic texture due to the strong contrasts between 
conductive and dielectric yarns and their placements through patterning.  Figure 43 presents 
a basic visualization of a (simplified) electromagnetic field over a surface area of a twill textile 
with alternating conductive (pink) and dielectric (blue) sections. . 

The principles of electromagnetic texture extend to knitted textiles as well. The arrangement 
of conductive yarns in the knit structure gives rise to the changes of intensity in electromag-
netic field, resulting in a quality of electromagnetic texture that is expressed across the surface 
of the knitted textile. For these examples, the conductive yarns are insulated and so carry cur-
rent row by row, rather than skipping vertically  via wales, as would occur with uninsulated 
conductive yarns. 

Figure 44 illustrates three conductive-dielectric variations achieved through basic patter-
ning in a plain knit textile construction. The pink yarns represent conductive yarns while the 
white yarns represent dielectric yarns. In Figure 44 on the left, the plain knit textile is entirely 
conductive and shows no patterning or structural variations. The electromagnetic field pro-
duced is uniform across the surface of the textile, and the textile can be said to exhibit low 
electromagnetic texture. In the middle example of Figure 44, four rows of conductive yarn 
are knitted followed by four rows of dielectric yarn, in alternation. This produces a strong 
contrast between conductive and dielectric materials. The electromagnetic field intensity in-
creases over the rows knit with conductive yarn, and decreases over the sections knit with 
dielectric yarn. 

The result is a high degree of electromagnetic texture that is expressed as textural undula-
tions across the textile surface. The use of four rows of conductive and dielectric yarns allows 
for the space and the material to produce of a clear distinction between the two sections. 
Where conductive and dielectric yarns alternate 1x1, the electromagnetic field intensity is 
not as pronounced between the alternating sections, as less conductive passes are used and 

Figure 44 (left) Fully conductive plain knit with low electromagnetic texture; (middle) Alternating 
conductive and dielectric rows 4x4 with high electromagnetic texture; (right) Alternating conductive 
and dielectric rows 1x1 with moderate electromagnetic texture. 
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The notion of electromagnetic texture makes it possible for a textile to express a textural qua-
lity that is contrasting to its tangible material expression. It further demonstrates that textile 
expressional form extends beyond its surface and into free space via non-visual formal ex-
pressions. Compared to conventional structural textile design, this perspective for the design 
of knitted and woven textile structures introduces ways to achieve new textural expressions 
by considering the radiant qualities of the textile and the interrelations of structure, material, 
and patterning.

Electromagnetic fusion is the second notion found with textile radiance, and contributes to 
building electromagnetic texture. It extends the notion of density in textile structures and is 
specifically concerned with the density of conductive yarns in a textile structure. It relates 
the tangible domain of the textile with the concepts of induction and capacitance from elec-
tromagnetics. Whether induction or capacitance occurs as an expression of electromagnetic 
fusion relates to how the electromagnetic field is being sensed, and the way in which it is 
being used in relation to other elements in the electromagnetic textile system.

the electromagnetic field is not given the space nor the material needed to increase in inten-
sity. Thus the example on the right in Figure 44 can be said to exhibit a moderate degree of 
electromagnetic texture. The same example of striped patterning leading to electromagnetic 
textural variations is demonstrated below in Figure 45 using plain weave in the illustrations.

Figure 45 (left) Fully conductive plain weave weft with low electromagnetic texture; (middle) 
Alternating conductive and dielectric weft passes 4 x4 with high electromagnetic texture; (right) 
Alternating conductive and dielectric weft passes 1x1 with moderate electromagnetic texture. 

Electromagnetic fusion has the potential to increase electromagnetic texture in areas of a 
textile. Where the magnetic field is concerned in non-frequency-based radiant textiles, hig-
her fusion may be caused by inductance. Inductance is the ability to store energy within the 
magnetic field. Conductive yarns that lay more densely together in textile structures allow 
for self and mutual inductive qualities to emerge due to parallel magnetic field lines that are 
produced, for example, in current-carrying weft passes of a woven conductive textile. This is 
seen in Figure 46, where two sequential conductive weft passes lay adjacent to one another. 
The magnetic field lines produced around the yarn is increased when the conductive yarn re-
turns in the subsequent weft pass and lays parallel, and densely, against itself. This is the same 
principle behind the tightly wound wire coil to produce a conventional electromagnet, where 
each ”turn” of the coil lays against itself, using the property of self-inductance to concentrate 
the magnetic field. In knitted textiles, self-inductance occurs where parallel yarns within the 
same electrical field present both at the stitch level (Fig. 47) (Fobelets et. al, 2019) and among 
courses and wales.

In another expression of electromagnetic fusion, capacitive qualities present. Capacitance is 
the ability to store energy in the electric field. A basic capacitor is formed when two paral-
lel conductors are separated by a dielectric material. Capacitance is higher where 1) more 
conductive material is present, as there is more material for the electric field to exist in, and 
2), where the gap between the two conductors is reduced. In radiant textiles, capacitance 
relates strongly to the degree of electromagnetic fusion present. Where conductive yarns lay 
closer together in the textile structure, and where dielectric materials are introduced either as 
dielectric yarns in the textile structure, or as the dielectric property of air in the interstices of 

Figure 46 Self-inductance of a current-
carrying conductive weft yarn (pink). The 
magnetic field generated around a single 
weft pass is strengthened when brought 
in proximity to itself in the subsequent 
weft pass.

Figure 47 Self-inductance 
can occur along the parallel 
legs of a single knit stitch.
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Figure 49  Fully conductive plain knit with floats for higher electromagnetic fusion (left); combining 
conductive and dielectric materials in plain knit with floats structure for lower electromagnetic 
fusion (right)

Figure 50 Fully conductive interlock structure for higher electromagnetic fusion (left); combining 
conductive and dielectric materials in interlock structure for lower electromagnetic fusion (right)

the structure, radiant textiles can be measured for capacitance at the minute scale of a single 
knit stitch (Fig. 48), between sequential weft passes, or across the textile surface overall (as 
in Experiment 4).  

The knitted textiles, electromagnetic fusion can be controlled through the material properties 
of yarn conductivity, yarn coatings (i.e. insulation), and yarn thickness, in addition to stitch 
length, needle gauge, needles in or out of work, where shorter stitch length and finer needle 
gauge produce smaller loops and therefore a denser textile. In circular industrial knitting 
machines where it becomes challenging to frequently change the structure settings of the 
needle bed, fusion and textural variations can easily be made by creating stripes of varying 
numbers of rows, as in Figure 44. Areas with more rows of conductive yarns knitted together 
create higher fusion, and fusion can be reduced by adding dielectric rows in between. Due to 
the notions of electromagnetic texture and electromagnetic fusion being interrelated, using 
a striped pattern to decrease electromagnetic fusion will in turn increase the expression of 
electromagnetic texture by producing contrasting areas of electromagnetic field expression 
by alternating conductive and dielectric yarns, thereby expressing undulating forms in the 
textural expression. 

Higher degrees of fusion can be achieved using floats within a structure, which allows for 
increased coupling of fields across the surface of the textile (Fig. 49), or an interlock structure 
where conductive yarns are alternatingly switched from front to back beds throughout the 

Figure 48  Parallel segments of knit 
stitches produce capacitive beha-
viours where the interstitial air gaps 
present as the dielectric material

structure to produce a very dense knitted textile (Fig.50). To decrease fusion using either 
of these structures, dielectric yarns can be introduced throughout the textile in combina-
tion with conductive yarns, and fusion variations occur as the density of conductors changes 
throughout the textile. Electromagnetic texture variations occur as field intensity and field 
shape change along with fusion variations. 

Similarly, in woven textiles, electromagnetic fusion can be controlled through yarn properties 
such as yarn thickness, compression ability of a yarn in a textile structure, and the pattern of 
interlacement of warp and weft, and layering (e.g. doubleweave and other compound struc-
tures).
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Textile radiance can be characterized by estimating the relationship between its qualities of 
electromagnetic texture and electromagnetic fusion. The notional icon presented here indi-
cates the degree of textile radiance is a square with a pink dot (Fig. 51). The X-axis denotes 
electromagnetic texture and the Y-axis denotes electromagnetic fusion. Placements of the 
radiance location are not firm, and the pink dot can move into moderate zones in between 
the extremes of “high” and “low”. The following shows examples of how the interrelationship 
of electromagnetic texture and electromagnetic fusion give rise to an estimation of the overall 
degree of textile radiance. 

TEXTILE RADIANCE

The above plain knit structure is composed of stainless steel yarn and white Trevira Low-
Melt filament yarn. Electromagnetic texture is low due to the lack of structural variation of 
conductive yarns, while the electromagnetic fusion is also low due to the combination of 
dielectric material, which spaces the conductive yarns further apart in the structure, and 
covers the conductive yarns on the surface. It exhibits low electromagnetic texture and low 
electromagnetic fusion. 

Figure 52  Plain knit stainless steel yarn with white Trevira Low-Melt filament yarn exhibit-

ing low electromagnetic texture and low electromagnetic fusion

Figure 51  Mapping electromagnetic fusion and electromagnetic texture on XY axes
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Figure 53 Waffle weave structure with copper weft and black cotton warp exhibiting 
high electromagnetic texture and high electromagnetic fusion

Figure 54 Plain knit with stripes alternating four rows copper by four rows white 
cotton dielectric yarn, and exhibiting high electromagnetic texture and moderate 
electromagnetic fusion.

In Figure 54, the plain knit is made of alternating four rows of conductive with four rows of 
dielectric yarns every four rows. The electromagnetic texture is high due to the stark contrasts 
between conductive and non conductive areas, producing peaks and valleys in the electro-
magnetic field shape. The electromagnetic fusion can be considered moderate, as the textile 
contains areas of relative density of conductors that are not wholly impeded by dielectric 
materials. The textile therefore exhibits high electromagnetic texture, and moderate electro-
magnetic fusion.

In Figure 53, a waffle weaves are volumentric woven structures that are characterized by peaks and 
valleys, and the diamond-like motif emerges. Warp and weft threads float on both surfaces, pro-
ducing two layers, where conductive and dielectric yarns lay atop one another. Conductive yarns 
can be said to run densely throughout the textile. This results in a textile of high volume and high 
density. As a result, the textile can be said to exhibit high electromagnetic texture, and high elec-
tromagnetic fusion. 
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This chapter presents seven examples of how the materials, methods, and tools presented in this thesis lead 
to interactive smart textiles and textile interaction designs. The radiance of each textile design is charac-
terized using the textile radiance notational icon, and a table is presented that describes the key variables 
used in the design process. The examples serve as expressional possibilities for electromagnetic textiles in 
the context of artistic research. 
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Textenna

The Textenna is an electronic tool that allows for radiant textiles to harvesting AC electro-
magnetic waves from free space and convert them to DC power. It is a rectifying circuit on 
printed circuit board that can be connected to an ultra-low power step-up converter in order 
to power an external device or object. The Textenna is designed for use with textile materials 
through its sewable connections, in addition to its small footprint and lightweight package 
(Fig. 55). 

Figure  55 Textenna circuit board
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Textile Detektor 

Textile Detektor is an RF detector and amplification circuit that can receive frequencies bet-
ween 50Hz and 5GHz, covering the span of mains power, Bluetooth, Wifi, GSM, and GPS. It 
sonifies these electromagnetic frequencies. It is based on the open-source design of Martin 
Howse’s Detektors circuit for listening to EMF (Howse, 2010), however it has been modi-
fied for textile antenna explorations (Fig. 56). As a result of modification, a textile antenna 
attached to the board can either attenuate the circuit based on its impedance qualities or 
affect the overall gain of the circuit based on its surface capacitance, both of which change 
with material, structure, and formal decisions. Directional movements and deformation of 
the textile antenna translates to changes in the sonic textures that one hears. Movements 
through electromagnetic space allow one interact with the directionality of electromagnetic 
waves, picking up different frequencies as one moves through their transmissions. The Textile 
Detektor is a tool for interaction with electromagnetic fields using the qualities of textile 
antenna designs combined with spatial movements to affect the resulting sonic expressions.  

Figure 56 Textile Detektor circuit board
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Meander

Meander is an inductive pick-up circuit that allows one to listen to the sounds of 50Hz. It so-
nifies fields within this frequency, allowing one to listen to the sounds of desktop electronics, 
appliances, lightbulbs, and hidden paths of wires within walls, and other low frequency emis-
sions such as fields produced around train tracks. It requires the design of a textile antenna 
in order to function. The antenna can be sewn or clipped on to the conductive sew tab on the 
bottom right of the circuit board. It is pictured here fixed to a pocket-sized battery pack (Fig. 
57). In this research, Meander has been used as a pedagogical tool for textile design students 
to design textile antennas around, and thereafter to interact with and experience electromag-
netic space through their textile antenna designs. 

Figure 57 Meander circuit board with battery pack
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Figure 58 Ambient energy harvesters in a forest location



Ambient Energy Harvesters

The forest is a thought to be a place for retreat and solitude, where one can bask in the calm 
among the trees, moss, and rocks. However, there is a unseen presence just beyond our senses 
that passes through the forest: the high-frequency fields produced by telecommunications. It 
is not surprising, then, that one should be able to harvest energy from the forest environment 
(Fig. 58, previous page). In this example, ambient energy harvesters have been designed using 
the Textenna half-wave rectifying circuit to convert AC energy to DC power. The aim of the 
ambient energy harvesters was to verify the possibility that radiant textiles could be able to 
receive and convert electromagnetic fields as a power source. Positioning them in the forest 
reveals a constrast between expectation and reality -- where EMF surrounds us not only in 
urban environments, but in nature environments as well.

The textiles were knitted in the Mayer and Cie industrial circular knitting machine. The cop-
per textile was knitted in plain knit rows, alternating 1x1 copper (0.14mm) and monofila-
ment (0.17mm) with a stitch length of 18 (Fig. 59). The stainless steel textile was knitted using 
a pique structure, also in stitch length 18 (Fig. 60). They were selected for their contrasting 
aesthetics of warm copper colour with very little texture, and cool steel colour with high 
degree of texture. Further, the inclusion of the monofilament in the copper textile produces 
a much lighter and airy textile compared to one knitted only of copper. The lightness of the 
textiles helps to create the soft aesthetic that was desired for this example. Large swathes were 
used to increase the capacitive surface area, thereby increasing the receiving possibilities.

The textiles were suspended within the bamboo frames that were suspended from trees. A 
Textenna tool was connected to each mobile, and the reception of DC voltage was confirmed 
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Figure 59 Detail of knitted copper textile (left); Figure 60 Detail of knitted stainless steel textile (right)

using a multimeter. The Textenna tool is a half-wave rectifying circuit on a printed circuit 
board, and that contains attachments suitable for making connections to textiles. 

The circuit has collected energy in the range of up to 70 millivolts at one time, and can be 
stepped-up using a ultra-low-voltage step-up converter to increase this voltage in order to 
directly power a device. 

The frames of the mobiles were designed for a soft aesthetic using light bamboo material and 
curved formations to produce the shape of the frame. Within the frames, swaths of knitted 
conductive textiles were suspended. The textiles were spended within the bamboo frames on 
site, therefore their placement and spatial expression was decided on the spot. This example is 
situated with the frequency domain and behaves as a receiver. It utilizes the attributes of field 
shape and capacitance as its key electromagnetic textile properties that inform the harvest-
ing qualities. The textiles do not receive any specific frequency, although frequency analysis 
conducted on the textile materials in Experiment 4 indicate that they are most sensitive to 
30Khz range, however this is leveraged by scale and positioning of the textile, and textile in a 
use-case scenario rather than a laboratory setting. The field shape is determined by the form 
that the textile takes when in the frames, and for example whether it is layered upon itself, 
increasing density in certain spots. Furthermore, the mobiles interaction not with people but 
with the phenomena of wind and electromagnetic fields. As wind passes through the forest, 
the mobiles and their textiles sway, changing their positioning and path of reception. This can 
result in momentary voltage fluctuations of 20-70mV. 

Figure 61 Copper mobile: textile radi-
ance notional icon of low electromagne-
tic texture, low electromagnetic fusion

The chart on the following page identifies the expressions and attributes that can be found 
in this example. The copper textile exhibits low electromagnetic texture and low electromag-
netic fusion due to its fineness as a result of the material gauge, knitted structure, and stitch 
length (Fig. 61). The stainless steel pique exhibits moderate electromagnetic texture due to 
the texture derived from its structure, and moderate electromagnetic fusion due to the degree 
of fineness of the knit (Fig. 62). They both overall exhibit low-moderate degrees of textile 
radiance. 

Figure 62 Stainless steel mobile: textile 
radiance notional icon of moderate 
electromagnetic texture, moderate elec-
tromagnetic fusion
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Table 4 Table of Variables
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Jacquard Textile Speakers

Textiles made of conductive yarns carry many interesting properties, one of which is their 
ability to carry audio signals. When combined with a material that can carry sound waves 
from the conductive yarns out and away from the textile, the sound waves can travel to 
one’s ears and the signal becomes audible. This presents to textile designers the possibility of 
sound-emitting textile expressions using basic textile design skills and knowledge, and can 
open to interaction possibilities that utilize textile-based sound emission and are perhaps 
combined with other textile-embedded sensing methods as triggers. Further, having the de-
sign in a single Jacquard design makes for ease of both design and production, and requires 
only a small amount of electrical work to be carried out afterward. 

The textile speakers are designed as a Jacquard repeat, where individual modules can then 
be cut out of the larger textile piece (Fig. 63, left; Fig. 65 & 66). The speaker is composed of 
three layers: a cotton yarn back layer, a conductive yarn middle layer, and a paper yarn top 
layer (Fig.64). The back layer is a double-woven pocket that is designed to hold a permanent 
magnet to increase the electromagnetic field strength of the conductive yarns. The conductive 
yarns constitute a middle layer where they are woven together with the dielectric warp in 
the centre of the square motif, becoming floats at their exit to allow for cutting and making 
electrical connections to the audio circuit. The textile varies between 2 and 3 layers, using a 
combination of hopsack, plain weave, satin, and long floats. 

The aim of this example was to apply the technical requirements for a textile speaker to a 
Jacquard design that could be woven out in a single textile. The requirements to consider 
included the need for a dense conductive layer through which audio signals would be sent; 
a vibratory layer that could carry the sound waves away from the conductive layer and into 
free space to be heard; a holder for a permanent magnet to increase the electromagnetic field 
strength and therefore the amplitude of the audio signal; access to the ends of the conductive 
yarns; a moderate resistance of conductors, while considering parallel-series configurations; 
and the requirement for materials that could emit sound rather than absorb them. 

TEXTILE RADIANCE

Figure 63 Speaker module being woven on Jacquard loom (opposite); Figure 64 Representation of 
woven layers (above)
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Figure 65 Single unit of woven speaker module with conductive yarn floats cut

Figure 66 Multiple modules of woven speakers taken off the loom, various sizes

The face layer is composed of paper and cotton yarn (32/2) wefts, and a black-and-white 
cotton warp. The two layers are woven together in a hopsack structure with long paper floats 
across the face of the motif. Two passes of paper occur on each weft pass of cotton. When the 
paper floats, the cotton yarn is brought to the back layer be woven in plain weave layer with 
the black cotton warp. The middle layer of the motif is the copper weft (0.14mm), woven with 
the white cotton warp in a satin structure. Outside of the motif, the copper weft floats until it 
is woven back into the textile in plain weave at the edges of each module to secure the floats 
in the weaving process. 

This example is situated with the frequency domain and behaves as an emitter. It utilizes the 
attributes of gain, frequency, field shape, impedance, as its electromagnetic textile properties 
that inform the sonic emission qualities of the textile. The density of the conductive yarns 
in the structure increases the electromagnetic field strength and therefore the expression of 
audio gain. The frequency is an attribute of the frequency of the audio signal that has been 
connected to the yarns. Field shape is determined by the density of the conductors that create 
the emission field through which the sound is emitted. Impedance is the quality of resistance 
of the conductive yarns in the frequency domain, where lower impedance allows the audio 
signal to pass through the yarns. Conventional speakers range from 4-8 Ohms. 

An amplified audio signal is transmitted to the conductive yarns via tone generator and 
pre-amp. The signals are expressed through the conductive yarn where the soundwaves are 
picked up by the paper floats. The paper floats provide the necessary vibration to make the 
emission of sound waves audible. In Jacquard weaving, the yarns at the selvedge are cut after 
each yarn pass. This effectively creates conductive yarn passes in parallel, which decrease the 
impedance across the group of yarns. Where higher impedance was sought, a series-parallel 
configuration was acheived through electrically connecting small groups of weft passes at 
intervals using copper tape. However, in this example the amplitude of the audio signal is still 
quite faint to the ear, therefore there are improvements to be made to the design. 

Figure 67 Textile radiance notional icon 
of moderate electromagnetic texture, 
moderate-high electromagnetic fusion



150  

TEXTILE RADIANCE

Table 5 Table of Variables

  151

The chart below identifies the expressions and attributes that can be found in this example. 
As a radiant textile object, it expresses a moderate degree of electromagnetic texture which 
is formed by focused area for sonic expression at the centre of the motif within each module. 
There is a modest rising and falling of conductive yarns across the motif area where copper 
yarns sit closer to the surface and then traverse the woven structure to float across the back. 
The movement of the yarns from face-middle-back of the textile is minimal. Still, the inten-
tion of the design is to express the sound primarily through the motif, assisted by high den-
sity woven copper weft and paper floats. The design effects the sonic expression by creating 
areas more appropriate for sound emission, and by consequence, other areas where sound 
emission is not favourable. Electromagnetic fusion is expressed as moderate-high due to the 
density of the conductive yarns in the woven structure. Its overall degree of textile radiance 
is moderate-high (Fig. 67).
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Leg Pouf

The walls that surround us are coursing with an energy that remains hidden from our senses. 
The labyrinth of electrical wires that feed our houses and workplaces carry electron streams 
to and fro, up and over, between the beams and bars that build our environments. These elec-
tron streams radiate at a frequency of 50Hz, which express a crisp, crackling, constant sound 
should one take a moment to listen. In this example, a leg pouf antenna is worn, allowing 
the wearer to detect and listen to the sounds of 50Hz frequencies as they occur close to the 
ground (Fig. 68, left).

The leg pouf functions as an monopole, omnidirectional receiver connected to the Meander 
tool which has been designed for listening to 50Hz frequencies. These frequencies are found 
radiating from mains power within walls, electrical outlets, appliances, lamps, as well as train 
tracks. The changes in the sonic expression arise with the movement of the leg such as when 
walking, raising, or swinging one’s leg. The leg pouf is sensitive to the proximity of the anten-
na to the source, increasing in gain and complexity of the sound expressions heard. The aim 
of this example was to design a wearable antenna that could pick-up EMF from low places 
such as electrical outlets and train tracks.

The textile material is stainless steel (0.10mm) yarn knitted in a pique structure (stitch length 
18) on the Mayer and Cie industrial circular knitting machine. The pique structure was cho-
sen for the textural qualities that arise when loops are passed from front to back bed of the 
knitting machine, creating the characteristic diamond-like shapes, and the more open struc-
ture it expresses compared to a plain knit of the same stitch length (Fig. 69). The material was 
hand-formed into a pouf with multiple layers of the material overlapping inside (Fig. 70). The 
scale of the pouf was intended to be wider than the calf, though not as tall as the knee when 
worn around the ankle or lower calf. The intention of this was to be able to align the antenna 
between the range of electrical outlets, which are often placed slightly above floor level, and 
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Figure 68 (opposite) Leg pouf antenna on model; Figure 69 Detail of knitted pique structure (above, 
left); Figure 70 Leg pouf close-up (above, right)
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train tracks, which emit strong low-frequency radiation at the ground level. The pouf was 
attached at a central point to a wide-band elastic loop. The elastic loop carries the Meander 
circuit board as well. The wearer is able to comfortably slip their foot through the loop and 
pull the leg pouf over the calf. 

This example is situated with the frequency domain and behaves as a receiver. It utilizes the 
attributes of gain, phase, and frequency as core electromagnetic textile properties that in-
form the reception qualities of the textile. However, when connected to the Meander circuit, 
the textile is tuned to receive 50Hz. The shape of the object informs quality of field shape, 
which is further determined by the breadth of the capacitive surface and the impedance of 
the conductive yarns in the structure. Proximity plays a role in the receiving of 50Hz, as the 
radiation is produced near-field, and so the wearer must be able to get within close proximity 
of the source. A range of up to 20cms has shown as ideal, where closer to the object increases 
amplitude of the sonic expression and distance from the object decreases it. When the leg 
pouf is connected to the antenna connection on the Meander board, the antenna becomes a 
basic pick-up antenna tuned to 50Hz. Changes in the scale of the radiant textile antenna, for 
example a larger pouf, would increase the gain of the antenna whereas a smaller pouf would 
decrease it.

Wearing the leg pouf calls for the wearer to make movements with the leg while remaining 
in close proximity to the radiating objects and surfaces, as it is the movement of the antenna 
passing by the radiating source that modulates the heavy zingy and buzzing sonic expressions 
of 50Hz. The wearer is therefore invited to move expressively through an environment to 
explore the sonic-spatial dimension that Meander and the leg pouf together produce.

Table 6 Table of Variables

Figure 71 Textile radiance notional icon of 
low electromagnetic texture, moderate-high 
electromagnetic fusion

The chart on the following page identifies the ex-
pressions and attributes that can be found in this ex-
ample. As a radiant textile object, it expresses a low 
degree of electromagnetic texture which is formed 
by even distribution of conductive yarns throughout 
the textile material, combined with the minor sur-
face texture that results from the pique structure. 
Electromagnetic fusion is expressed as moderate-
high degree due to the multiple layers of the knitted 
material that form the pouf. These layers increase 
the density of conductive yarns volumetrically th-
roughout the structure. Its overall degree of textile 
radiance is moderate (Fig. 71). 
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Tunneli

Our skin is like a textile wrapped around the scaffold of our bones, expressing our bodily 
form. As the largest organ, it creates a sensorial surface through which we feel human touch, 
warmth, and texture. It is intregal to our sense of proximity and connectedness, and yet, it 
remains sensorially disconnected from the channels of electromagnetic pathways that we 
traverse. However, the use of an extra-sensorial skin that moves with the expressions of the 
body, one has the ability to physically and sensorially extend outwards into the surrounding 
space, and interpret the sonic qualities of what lays just beyond the skin.

The aim of this example was to design an arm-based body extension with qualities that of-
fer changes in the degree of textile radiance expressed, while affording methods of interac-
tion through body movements and gestures. This example illustrates the design of a radiant 
textile in the form of a 2-meter-long textile tube that is worn on the arms (Fig. 72, left). In 
this way, the two arms are connected and become a single object that moves through space. 
The knitted tube is connected to a circuit that receives electromagnetic frequencies between 
2.4GHz and 5GHz - the Textile Detektor tool. As it is connected to the attenuation properties 
of this circuit, changes in resistance of the antenna in turn modify the attenuation of the in-
coming frequencies. The frequencies that are picked up are expressed sonically to the wearer 
via headphones.

The textile was knitted on a Mayer and Cie industrial knitting machine configured for the 
knitting of stiff materials such as metal yarns. It was knitted using a 0.14mm copper yarn 
in a plain knit structure (stitch length 18) with floats every four needles (stitch length 6). 
The result of this structure is the appearance of a second layer of material produced by the 
floats across the surface of the textile (Fig. 73). In this way, the textile increases in densi-
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Figure 72 (opposite) Knitted tube arm extension on model; Figure 73 Detail of knitted textile structure (above, 
left); Figure 74 Knitted tube arm extension compressed on horizontal axis (above, right)
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ty as the openings of the knitted loops are traversed by the copper floats. The knitted ma-
terial was then sewn into a 2-meter-long tube of approximately 12cm diameter. The tube 
was compressed to increase its textural expression, and then stretched out again (Fig. 74).  
This example is situated with the frequency domain and behaves as a receiver. The wearer 
is able to modulate the frequency reception of the Textile Detektor tool. The frequencies 
received are translated to an electronic soundscape that the wearer can listen to on a pair of 
connected headphones. The condensing and stretching of the arm tube creates changes of 
impedance of the knitted tube, where compression decreases it and expansion increases it.  

When the knitted tube is connected to the frequency attenuation circuit of the Textile 
Detektors board, the knitted tube becomes a resistor that is in series with a conventional 
resistor on the main circuit board. Due to its copper layering, the main circuit board itself 
acts as an antenna through with frequencies are received. This occurs in part due to the high 
sensitivity of the AD8318 logarithmic RF sensing chip. Therefore, the combination of the 
circuit board with the qualities of the knitted textile tube give rise to an interactive textile 
design system where the two are interdependent: the circuit board detects the frequencies by 
operating as an antenna, while the qualities of the knitted tube and the changes that occur 
through use modulate in real-time the frequencies that can be received. 

Table 7 Table of Variables

Figure 75 State One: Textile radiance notional 
icon of high electromagnetic texture, high 
electromagnetic fusion

Through interaction, the expression of textile radiance beco-
mes dynamic. By condensing the knitted tube, electromagne-
tic texture and electromagnetic fusion are increased as a result 
of the increased density of the conductors in the structure, 
and the highly irregular surface expression that results from 
this form. Physical scale is also reduced. This is referred to as 
’State One’ (Fig. 75). When the tube is stretched out, the sur-
face area is increasingly planar and the density is decreased as 
knit stitches move further apart from one another. The result 
of this second state, ’State Two’, is low electromagnetic texture 
and low electromagnetic fusion (Fig. 76).

Figure 76 State Two: Textile radiance notio-
nal icon of high electromagnetic texture, high 
electromagnetic fusion

The chart below identifies the expressions and attributes that can be found in this example. 
The example exhibits dynamic states, of which two are shown here: State One and State Two. 
State One is the full extent of the compressed knitted tube, while State Two is the full extent of 
the expanded knitted tube. Depending on its state, the object can express either a high degree 
of textile radiance (State One) or a low degree of textile radiance (State Two). These degrees 
change throughout interaction to produce a dynamic textile expression.  
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Ora

Radiant antennas present themselves as soft mediators between our bodies and the electro-
magnetic space that we occupy. A radiant antenna worn on the body carries the ability to 
perceive electromagnetic fields as they are absorbed by, or reflect off our bodies. We augment 
our senses when we are able to perceive electromagnetic space. When using sonic-spatial 
expressions to perceive this space, we create a displacement of our sense of audition by being 
able to “hear” across different surfaces of our bodies, and through different directionalities. 
Radiant antennas also describe the electromagnetic space that we pass through. Body move-
ments, gestures, and choreographies become methods of interacting with this space through 
the antenna, and by doing so, forms an aesthetic expression between the qualities of the 
radiant antenna, the sense of audition, and the frequencies and amplitude of electromagnetic 
transmissions and the pathways through which one moves.

The aim of this example was to knit a textile antenna with high volume, uneven surface qua-
lities, and that contained a quality of movement. This was to address the highly uneven elec-
tromagnetic texture across the capacitive surface of the textile, and to create dynamic changes 
in the quality of electromagnetic fusion of the textile through a quality of movement of parts 
of the textile. ’Ora’ is a textile antenna worn on the face (Fig. 77, left). The design of repeated 
loops across the radiant antenna was based on the ability of the loops to touch intermittently, 
creating momentary changes in capacitive surface qualities and impedance of the overall knit 
material. Copper yarn (0.10mm) was knitted into 1cm diameter tubing across 16 needles in 
a plain knit structure (Fig. 78). The tubes were knitted on an experimental circular knitting 
machine used for medical stents. The tubing was then woven with black cotton warp and 
weft in plain weave structure with floats to create a stable base for the repeated entrance and 
exit of the copper tubing as they were inserted into the weave structure while weaving (Fig. 
79). The cotton base provides a soft surface that is comfortable for wearing against the skin, 
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Figure 77 (opposite) Face loop antenna on model; Figure 78 Knitted copper loops taken out of the 
knitting machine (above, left) Figure 79 Knitted copper loops woven into a cotton base textile (above, 
right)
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while creating a dielectric layer that insulates the capacitive qualities of the wearer from the 
textile. Further, the cotton backing provides a quality of directionality to the antenna through 
the dielectric layer, where the capacitive surfaces are facing outward from the wearer’s face. 

This example is situated with the frequency domain, and contains electromagnetic attributes 
of frequency, gain, phase, capacitance, and impedance. The wearer is able to receive frequen-
cies between 2.4GHz and 5GHz by connecting the textile antenna to the high frequency 
circuit of the Textile Detektor tool, spanning transmissions of WiFi, Bluetooth, GSM, GPS, 
and other telecommunications signals. Through this tool, high frequencies are translated to 
an electronic soundscape that the wearer can listen to on a pair of connected headphones. 
The loops of the antenna create changes in capacitive surface qualities and impedance, where 
surface capacitance can be increased when loops are pressed tighter together, and decreased 
when loops are spread further apart due to changes in the air gaps across the surface of the 
knitted structure. Impedance is increased when loops are spread further apart and have less 
contact with one another, and decreased when loops are compressed. This is due to the in-
crease in electrical connections across the conductive surface. When connected to the gain 
point on the Textile Detektor tool, a quality of higher capacitance and lower impedance can 
cause an increase in the gain of the reception, which translates to a sonic quality of amplitude 
of the signals received. Thus the antenna works better or worse depending on the wearer’s 
movement.

The ability to perceive electromagnetic transmissions sonically builds upon our sense bodies 
through augmentation. The figurative displacement of the ear occurs when one places a tex-
tile antenna at different points around the body. This allows one to perceive electromagnetic 
transmissions at different heights and directions in relation with the body, giving rise to a 
body-space-object interaction. Textile antennas therefore express the electromagnetic space 
that one occupies. Body movements, gestures, and choreographies become methods of inte-
racting with electromagnetic transmissions and pathways through the textile antenna, and 
form a gestalt between the formal and technical qualities of the textile antenna, the sense of 
audition, and the frequencies and amplitude of signals passing in the electromagnetic space 
through which one moves.

The indeterminate spatiality of electromagnetic fields makes the interaction exploratory, 
where the wearer moves through space while listening to changes in sonic expression. The 
sonic textures change as one moves through these fields, often presenting as complex layers. 
Generally, the wearer may not be able to identify the precise source of the intertwined signals 
that s/he picks up due to the complex sonic layering, however moving close to an known 

source can help to identify some of the sounds. For example, turning on Bluetooth on one’s 
mobile phone introduces the distinct high-pitched qualities of the transmission. The sonic 
feedback is therefore not determinant and is specific to electromagnetic transmissions that 
are occurring in the space and time of interaction. Further, they are directionally-sensitive, 
where simply turning while standing in one spot can open to the reception of new transmis-
sions while dropping others. Sound artist Kubisch notes: “you can only hear them [EMF] in 
certain areas. And sometimes, if you move 10 cm to one side or the other, they disappear. I 
think of them as electrical corridors” (Kubisch in Cox, 2016). 

Similarly, the height of the antenna creates a sensing space at that particular height, there-
fore a textile antenna placed on the face will receive electromagnetic transmissions that are 
passing at the height of the face. However, if one bends over from the waist, face height is re-
duced and transmissions can be picked up at around waist height. In this way, the placement 
of the textile antenna on the body becomes an interaction quality that affects the interception 
of electromagnetic transmissions. Textile antenna placement becomes dynamic when one 
moves their body through electromagnetic space as a way of interacting with the spatiality of 
electromagnetic transmissions. The result is a radiant expression found through interaction 
where body, object, and electromagnetic space create sonic expressions that are spatially and 
temporally unique to the moment. 

Table 8 Table of Variables

Figure 80 Textile radiance notional icon of high 
electromagnetic texture, high electromagnetic 
fusion

The chart below identifies the expressions and attribu-
tes that can be found in this example. As as result of 
these qualities, the example exhibits a high degree of 
electromagnetic fusion due to the high density of con-
ductive material that creates the surface of the textile 
antenna. The highly varied surface expression that re-
sults from the loop formation exhibits a high degree of 
electromagnetic texture, and the textile object overall 
exhibits a high degree of textile radiance (Fig. 80).
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Supra

This radiant textile antenna is a half-body antenna that is fixed at the waist via wide elastic 
band, and using the Textile Detektor tool, senses EMF within a half-meter range of the sur-
face of the body (Fig. 80, previous page). As an interactive object, the antenna can separate 
from the waist to become a planar antenna that one moves fluidly around the body to explore 
electromagnetic space in a more dynamic way. The antenna receives electromagnetic fields 
between 2.4Ghz and 5Ghz. The electromagnetic fields are translated to soundwaves which 
the model can listen to via headphones. The aim of this example was to design a fin-like 
antenna that could sense EMF in the space above the head when worn as in Figure 83. The 
area of the head was of interest as a place on the body where senses are concentrated (as sight, 
smell, hearing, taste), and yet these senses are not able to perceive the EMF that they pass 
through, and that surrounds them. 

The textile was knitted on the Mayer and Cie industrial circular knitting machine using stain-
less steel yarn (0.10mm) and black lycra. The lycra floats every four needles, leading to a cont-
raction of the stainless steel stitches when the material is taken off of the machine. The result 
is a metal-based textile with highly elastic qualities due to the expansion/contraction of the 
lycra fibers in the space allowance created by the floats. The stretching of the textile increases 
the conductivity of the stainless steel yarns, as the auxetic nature of the knitted structure 
draws the loops tighter together in the vertical direction, forming stronger connection points 
among the conductive yarns in the knitted structure. The conductive yarns are drawn closer 
together in the structure, increasing their density and thus the capacitance of the antenna. 

This example is situated with the frequency domain and behaves as a receiver. It utilizes the 
attributes of gain, frequency, field shape, and capacitance as its electromagnetic textile pro-
perties that inform the sonic emission qualities of the textile. Both the scale of the textile 
antenna combined with the density of the conductive yarns in the structure increase the 
expression of audio gain when connected to the gain point on the Textile Detektors tool. 

When using the frequency point on the Textile Detektors tool, these same textile qualities 
affect the frequency of the signals received, shifting the frequency range up or down within 
2.4Ghz - 5Ghz range. At times, radio stations can be heard through the antenna. Field shape 
is determined by shape and scale of the textile object, combined with variations in the density 
of the conductors in the textile structure. In this example, both the textile structure and the 
shape of the object are planar, therefore the two broad, flat, faces of the antenna should have 
equal and relatively even field shapes across them. The capacitance of the textile antenna 
refers to its conductive content, particularly at its surface where it interacts with free space. 
The capacitive qualities of this textile structure have been confirmed in Experiment 4 (as 
sample T1) and identify the materials and structure as being suitable for signal reception and 
transmission.

Figure 81 (previous page) Model wearing side fin antenna; Figure 82 Detail of knitted stainless steel 
with lycra (above, left); Figure 83 Side fin antenna

Figure 84 Model wearing the fin antenna to 
sense area above his head
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When touched by human skin, the capacitive qualities of the human body modify the capaci-
tance of the overall circuit, leading to changes in frequency reception and/or gain of the sig-
nal (Fig. 85) Through interaction with the body and the antenna, the textile becomes a form 
of experimental sound expression. The changing of frequencies mean that new signals can be 
heard while others are lost, or increased layering of sounds may occur, increasing granularity 
and texture where sounds overlap. As the wearer moves the antenna spatially, the reception of 
electromagnetic fields also changes as a result of the unpredictable pathways that they travel. 
At times, radio stations can be heard through the antenna depending on location where one 
is using the textile antenna, the spatial movements and positioning, and the modulation of 
frequency range through human touch. 

TEXTILE RADIANCE

Table 8 Table of Variables

Figure 86 Textile radiance notional icon 
of low electromagnetic texture, moderate 
electromagnetic fusion
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The chart on the following page identifies the expres-
sions and attributes that can be found in this example. 
As a radiant textile object, it expresses a low degree of 
electromagnetic texture which is formed by the planarity 
of the textile object and the lack of strong variation of 
conductive yarns in the structure. Electromagnetic fu-
sion is expressed as moderate due to the relative density 
of the conductive yarns in the structure. The lycra in the 
textile structure has a quality of contracting the stainless 
steel knit stitches, causing increased density. The overall 
degree of textile radiance is moderate (Fig. 86).

Figure 85 Model interaction with fin antenna spatially and through skin contact with the textile surface. 



Figure 87  Wearer listening to the sounds of EMF with the Tetraodic Dress..



Tetrapodic Dress

The sensing radius of the body is largely directed towards the front, at head level, where the 
eyes, ears, nose and mouth are situated. It is the skin -our surface- that carries the responsibi-
lity of sensing in the periphery through air currents, humidity, temperature, and touch. The 
skin does not include sensory receptors for electromagnetic fields, however when cloaked in 
a radiant textile, the sensory perception is extended to the wearer and allowing one to move 
with the textile through space to interpret the surrounding areas. 

The aim of this example was to design a full-scale wearable antenna that could increase the 
sensing radius of the body. The artefact extends the circumference of the body by nearly 2 
metres through the positioning of the legs outwards and away from the wearer’s body, the-
reby augmenting the sensing boundary of the body as it meshes with electromagnetic space 
(Fig. 87, previous page). The positioning of the legs is an interactive quality that changes the 
antennas qualities based on where the antenna is in space. The artefact, or ”dress”, consists of 
4 textile antennas knitted with stainless steel and synthetic yarns that are stretched across 4 
large triangular frames (the legs). Each frame is attached to a circular shoulder harness, their 
points extending downwards to the wearer’s feet, and each leg can operate as an individual 
antenna or can be connected together, increasing the scale and altering the directionality of 
the antenna. Each of the four sections of the artefact operate as broadband radiant textile 
antenna receivers between 2.4GHz and 5GHz using the Textile Detektor tool. The electro-
magnetic waves received are translated to sound waves that the wearer listens to using head-
phones.

TEXTILE RADIANCE

The textile material was knitted on the Mayer and Cie industrial circular knitting machine 
using stainless steel wire (0.14mm) and Trevira Low-Melt filament yarn, a synthetic yarn that 
shrinks when heat is applied. The yarns were knit together in a plain knit structure (stitch 
length 18) and the material was later steamed to create a more dense and stiff textile material 
expression (Fig. 88). The textile was then stretched and sewn to a PVC frame composed of 
four moveable sections and a shoulder harness (Fig. 89). 

Trevira Low-Melt filament yarn combined with stainless steel has been know to exhibit in-
consistent electromagnetic behaviours related to its phase qualities during frequency sweeps 
(see Experiment 4). These inconsistencies become a desireable expression in an artistic con-
text, leading to the selection of Trevira Low-Melt filament yarn for this design example. These 
inconsistencies have the potential to add sonic expressions such as granularity and texture, 
or to alter changes in frequency reception. Through interaction, this dress object allows one 
to listen to electromagnetic sonic expressions through what can be considered an omnidirec-
tional radiant textile antenna. The specific sonic expressions are dependent on the electro-
magnetic activity of the location and time in which the dress is being worn. Frequency range 
and the gain of the sonic expressions are modulated through the capacitive and impedance 

Figure 88 (previous page) Aerial view of model wearing Tetrapodic Dress; Figure 89 Detail of knitted 
stainless steel and Trevira Low-Melt filament yarn in plain knit (above, left); Figure 90 Tetrapodic 
dress in the making (above, right)

Figure 91  Wearer moving the dress in three directions: side, forward, and behind the body.

qualities of the antenna (Fig. 90).

This example is situated with the frequency domain and behaves as a receiver. It utilizes the 
attributes of gain, phase, frequency, field shape, proximity, impedance, and capacitance as its 
electromagnetic textile properties that inform the reception qualities of the textile. The shape 
of the dress (as the positioning of the legs) informs quality of field shape, which is further 
determined by the breadth of the capacitive surface and the impedance of the conductive 
yarns in the structure. The number of legs attached to the Textile Detektor tool at one time 
will either increase or decrease these qualities overall. The attribute of proximity is in rela-
tion to the corridors of electromagnetic fields that one is passing through in said time and 
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space, and is not determinable outside of the moment due to 
the evasive qualities of electromagnetic fields. The result is 
that wearers explore the sonic expressions of electromagnetic 
space by moving through space with the object.  

The chart below identifies the expressions and attributes that 
can be found in this example. As a radiant textile object, it 
expresses a low degree of electromagentic texture which is 
formed by even distribution of conductive yarns throughout 
the textile material, combined with the minor surface texture 
that results from the plain knit structure. Electromagnetic 
fusion is expressed as low due to the density of the dielectric

Table 9 Table of Variables

Figure 91 Textile radiance notional icon of 
low electromagnetic texture, low electro-
magnetic fusion

material (Trevira Low-Melt filament yarn) in the knitted structure. However, the Trevira Low-Melt fila-
ment yarn offers a quality of unpredictable frequency variation based on its reception qualities presented in 
Experiment 4. As such, more research needs to occur around the combination of Trevira Low-Melt filament 
yarn and stainless steel, thus the radiance qualities of the dress are not firm. In spite of this, with the current 
understanding of the artefact, its overall degree of textile radiance is low. (Fig. 91)
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The results of this thesis propose a new perspective on smart textiles that regards a textile’s 
non-visible expressions yielded by electromagnetic fields. The research aims to illustrate that 
when considering the electromagnetic domain of textiles, the boundaries of a textile’s form 
and expression shifts dramatically. This shift requires new notions, methods, tools, and ter-
minology for one to access this new expressional domain. In addition, the research suggests 
that discussing smart textiles as post-digital artefacts offers a new way to understand the 
juncture between conventional textiles and smart textiles, and how, when considering the 
electromagnetic qualities of a smart textile, the textile becomes liminal, slung between scales 
of perception and materiality. Finally, the research suggests that to engage with electromag-
netic fields in textiles is to interact with them, thus the potentials for textile interaction design 
are considered. 

The questions set out in the research program have asked how one might discuss smart tex-
tile variables that sit at the cusp of materiality and at the boundaries of perception, and what 
might be the considerations for working with the non-visual qualities of electromagnetism in 
the context of textile design. This research has attempted to answer these questions through 
a method of experimental design research that combines the practice of textile design with 
electronic materials, sensing methods, material and tool design, and explorations for interac-
tion potentials. The research expands upon existing textile design notions related to density 
and textural expression by introducing notions of textile radiance, electromagnetic texture, 
and electromagnetic fusion. The implications of this contribution are that designers may use 
these new concepts and terminology to discuss this unique domain of smart textiles. As a 
result of the research, a framework has been introduced that includes a notational system to 
qualify the gradient and relational qualities of textile radiance, electromagnetic texture, and 
electromagnetic fusion, along with three electronic sensing systems, and a method for visua-
lizing the magnetic field emitted from a textile surface. 

The experimental work was designed to explore the basic properties and qualities of the elec-
tromagnetic domain of textiles with regards to textile structure and materials. The aim has 
been to explore materials for textile design, and methods of sensing non-visual fields around 
the textiles.  Exploring these areas has given rise to interaction potentials with the texti-
les. It did this by exploring a method of designing ferromagnetic yarns out of conventional 
yarns, which opens to the potential for magnetic interactions in textiles. Next, it explored the 
near-field, non-frequency-based expressions of current-carrying textiles, and suggested that 
these expression fields carry a textural imprint of the textile design in the electromagnetic 
field shape. Then, it analyzed the frequency-based qualities of knitted textiles across different 
structures, patterns, and material combinations to gain an understanding of the influence of 
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SMART, LIMINAL, AND RADIANT TEXTILES

these variables on frequency behaviours. The experimental work was imperative to under-
standing the interrelation of textile materials, electromagnetic materials, textile processes; 
and field generation, qualities, and properties. 

The design examples presented in the thesis have illustrated ways in which radiant textiles 
could be used in the context of art and design. Within each design example is the use of an 
electromagnetic textile material that has been designed with textile radiance in mind. The 
textiles are connected to electronic circuitry that determines the function and expression of 
the textile i.e. as a receiver textile sensing electromagnetic signals and converting them to 
usable power; or as a textile capable of carrying and emitting audio waves, for example. Each 
example utilizes the tools and sensing methods developed within the research, and are discu-
ssed within the text that accompanies the example. Also identified and discussed in the text is 
the degree to which a textile or textile artefact expresses textile radiance, and this is illustrated 
using the notational system: a small, square icon containing a pink dot that co-locates quali-
ties of electromagnetic texture and electromagnetic fusion in an XY plot. 

Computational and electronic smart textiles, which are inherently electromagnetic smart tex-
tiles, carry the potential to be transceivers of information. They are a form of electronic media 
that is capable of reaching deep into virtual worlds, and yet outwards, to touch satellites in 
the atmosphere. They are impermanent, able to turn on and off electromagnetic fields within 
their interstices, and they express at physical scales beyond our perception. These textiles are 
suspended in a liminal space of “here” and “now”, though also not; they may be in the hand, 
and simultaneously out “there”, intermingling in electromagnetic space.

To discuss smart textiles as post-digital artefacts is to introduce a new way of thinking about 
smart textiles. The Post-Digital Research Journal (Anderson & Cox, 2014) defines the term 
as such: 

Post-digital, once understood as a critical reflection of “digital” aesthetic immaterialism, now 
describes the messy and paradoxical condition of art and media after digital technology re-
volutions. “Post-digital” neither recognizes the distinction between “old” and “new” media, 
nor ideological affirmation of the one or the other. It merges “old” and “new”, often applying 
network cultural experimentation to analog technologies which it re-investigates and re-uses. 

Through this definition, it can be understood that smart textiles are a continuation of textiles 
that meet computational and electronic media in their process of making. Where the “post” 
prefix identifies a continuation of a movement, as beyond, past, through and yet with; “post-

digital textiles” (Igoe, 2018) presents a blurry boundary in the timeline of textiles where new 
rhizomatic grounds are sown and where textile designs inherently carry digital traces.  

The post-digital also encompasses the material turn as a move away from digital aesthetic im-
materialism, though from a textile design perspective, it can be seen another way: as an “in-
tangible turn”, or a turn toward the inclusion of intangible materials in textiles. This has laid 
ground for “computational composites” (Vallgårda and Redström, 2007) and “radical atoms” 
(Ishii et. al, 2012), for example. Further, smart textiles enfolds traditional textile technologies 
and techniques with contemporary processes and materials to achieve new functionalities, 
new applications, and new expressions. In doing so, smart textiles are then able to transcend 
physical, spatial, and temporal boundaries. They become Obrist’s “objectiles” that fly through 
the air and make connections with things (Obrist in Openshaw, 2015, p.12). Smart textiles 
are created within the context of the post-digital condition are products of this condition, 
inherently conceived with digitality engrained in the fibres of the textile.   

As a new category of smart textiles, radiant textiles offer new ways of thinking about textile 
material properties and expressions, and open to textile design methods that engage desig-
ners with myriad ways of sensing and expressing through radiant textiles. The expressions 
are focused on the radiant qualities of the textile rather than its power and data transmis-
sions conventionally discussed in electronic and conductive textiles. The radiant qualities are 
found in the nuances of their structural design, combined with their supporting electronic 
circuitry that build the electromagnetic textile expressional system. The arrangement of the 
elements in this system (the textile design, the domain expression, the electromagnetic vari-
ables, and the interaction qualities) form an aesthetic expression of radiance that can expand 
upon current expressions of textile interaction design. 

Radiant textile interaction design uses electromagnetic fields as a expressional material and 
opens to its performative qualities. This has been exemplified in the wearable textile antennas 
found across, for instance, Leg Pouf, Ora, Supra, and the Tetrapodic Dress. In these examples, 
the wearer physically moves through spatial electromagnetic fields and senses its frequency 
using the Textile Detektor tool. By translating the electromagnetic frequencies to soundwa-
ves, a sonic expression is conveyed. Movements and gestures, in addition to how the tex-
tile antenna on the body moves through electromagnetic fields, produces sonic expressional 
feedback. The performative movements and gestures themselves carry an aesthetic akin to 
those found in soundwalking: slow, careful, exploratory, and slight movements; confirming 
gestures to re-explore particular sonic corridors; a mix of hesitancy and confidence by the 
wearer-performer. Movements and gestures as they relate to textile antenna qualities and ex-
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pressional output is a rich terrain that warrants deeper exploration. Such interaction qualities 
of radiant textiles have only begun to emerge in this research.

Future directions

Future directions of this research involve, in the practical work, exemplifying the use of fer-
romagnetic yarns in an artistic context, as well as exploring radiant textile expressions that 
move beyond the sonic, for example haptic feedback and real-time visualization generated 
through textile interaction. Further development of sensing tools designed in collaboration 
with engineers could lead to a real-time magnetic textile surface scanning method with a 
higher degree of precision. This could provide immediate visual feedback across an entire 
surface area of the textile. Elaboration on design methods for wearable textile antennas would 
be beneficial. Such elaboration could discuss varying antenna types, electronic supports, acti-
vation areas, and interaction qualities. Exploring qualities of shape-changing textile antennas 
would expand Experiment 4 to include deeper investigation as to the frequency-based beha-
viour changes that occur through interaction or upon remote actuation. 

Further development of the framework will take place, as well as the introduction of new and 
revised methods. Enriched theoretical discussion will include transmission arts and media 
theory as it relates to smart textile design. Discussion around the act of sensing of intangible 
materials in design may also be included. 

Broadly, the above directions would contribute to a comprehensive framework for designing 
electromagnetic smart textiles, with strong exemplars of their artistic potential. The hope is to 
inspire textile designers and those in intersecting fields to engage with intangible materials in 
textile design, and to contribute to innovation within the smart textile design field. 
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Workshop I: Magnetic Materials 

Date: April 9-11 2018

Participants: 15 Bachelor-level textile design students

Duration: 3 days

Location: Högskolan i Borås

The workshop explored the design possibilities of electromagnetic and magnetic phenomena 
in textile design. These phenomena hold the quality of being imperceptible until manifested 
in some way, such as through interaction. They present themselves as non-visual materials, 
and, paradoxically, as physical materials to be utilized in design. The inclusion of electromag-
netic and magnetic yarns in textile constructions allow for hidden attributes to be expres-
sed, for example through kinetic behaviours and haptic feedback, which thereby enhance the 
dimensions of design available to us. This area of non-visual material exploration becomes 
particularly rich when combined with the variables specific to textile design such as yarn 
compositions, structure, and texture. 

Aim: This workshop served to introduce electromagnetic and magnetic phenomena and 
materials to textile design students. Through basic textile construction methods, students 
explore magnetic materials and basic systems of interaction. 

Method: Students engaged in material exploration by combining hand-crafted textile techni-
ques with electromagnetic and magnetic materials. They used their existing knowledge of 
textile techniques with their new knowledge of electromagnetic interactions gained through 
a lecture and through experiential learning by working with the materials to explore their 
tangible and intangible properties. 

Structure: A lecture was given to introduce the topic of basic electromagnetic theory inclu-
ding magnetism, followed by a demonstration of materials and their properties. Students 
were given three tasks to complete during the course of the workshop, and were asked to 
select materials from a communal table and begin their explorations. They would experiment 
individually for the afternoon to gain a sense of materials and possibilities. On the second day, 
students had a supervision meeting where they could discuss ideas, techniques, or address 
any questions or concerns. The second day was also a work period where they could cont- 
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Reflections: The workshop served to introduce students to a new palette of design mate-
rials using electromagnetism. However, new materials require substantial time to explore 
their properties and experiment with material combinations. These experiments are further 
enhanced where the students have considerable experience with design methods and expe-
rimentation, along with textile construction techniques. Students were challenged by time 
limitations to thoroughly explore the materials. Further, students were challenged to come 
up with ways to work with neodymium magnets in the textiles. This was in part due to the 
use of pre-existing textiles which limited students’ ability to fully embed the magnets in the 
textile structure. Students used glue, tape, and sewing methods to adhere the magnets to the 
textiles, though they often came off during interaction, and was frustrating for some students. 
The design of textile speakers appeared easier for students to grasp conceptually and mate-
rially. This workshop would be suitable to students in upper years who had more experience 
with design methods and new materials to be able to move with more confidence through 
the workshop tasks. 
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-inue their experiments and work towards their examples. On the final day, presentations of 
student’s samples from each task took place, and a group feedback session was held. The fol-
lowing describes the tasks of the workshop: 

1. Magnetic Matrix: Students were asked to work with ready-made textiles in combination 
with permanent magnets in different sizes, shapes, scales, and combinations of polarities to 
design a 3-dimensional magnetic textile form. The intention of this exercise was to explore 
the ways in which magnetic force could contribute to the creation of a 3-dimensional textile 
form, as well as to explore the ways in which magnetics could be integrated into textiles using 
hand-crafting methods.

2. Moveable Threads: Students were asked to work with any handcrafting technique and any 
magnetic material covered in the course introduction to create 2-3 textile samples where 
kinetic movement of the yarns or textile could be expressed.

3. Textile Speaker: Students were asked to work with conductive yarns and a paper-like ma-
terial to design a textile-based speaker. The speaker would then be connected to an audio 
source and the group would discuss and evaluate its qualities. 

WORKSHOPS

Figure 93 Textile speaker designed by Felicia Hansen, BA student 
in textile design. Copper and paper yarns. 

Figure 92 Student-designed textile speaker in copper yarn
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Figure 94 Table with textile samples from workshop



Figure 95 Table with textile samples from workshop
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Workshop II: Listening Through Textiles: Exploring 

Textile Antenna Design through Soundwalking 

Date: April 10, 2019

Participants: 11 Bachelor-level textile design students

Duration: 1 day

Location: Högskolan i Borås

Students were to design one or more textile-based antennas that they would used to capture and listen 
to electromagnetic waves. They could use any technique, and were be directed to materials that are 
ideal for antennas, such as copper yarns, conductive threads, and other metal materials. They then 
connected the antennas to the Meander tool, an electronic circuit that generates sound based on the 
50Hz electromagnetic fields in their surroundings. Students were to prototype and test antennas in 
tandem, and finally go on several sound walks around the university grounds to listen EMF in the out-
door environment. At the end of the day, a group discussion was planned where it was discussed what 
worked, what did not, and the overall impressions of designing textile antennas through this method. 

Aim: A key aim was that students would develop experiential knowledge (Dewey, 2005) of the elec-
tromagnetic phenomenon and its qualities, thereby encouraging students to consider intangible ma-
terials as part of their broader material palette for textile design. Additionally, there was an aim to ex-
plore the viability of using soundwalking as a method to stimulate textile design ideas. A subsequent 
aim was to have the students explore the electromagnetic expressions of the urban environment and 
to design with that new knowledge. 

Method: Through participatory design, the students engaged in group work using a hands-on, re-
flective practice (Schön, 1987) by exploring the combination of tangible and intangible material pro-
perties for textile design. Constructive design, co-design, and iterative design were the practice-led 
design methods used in the practical work. Soundwalking as a method was combined with the textile 
design process to create a multidisciplinary methodological approach where the experiential know-
ledge gained through soundwalking could influence the textile design process. 
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Figure 96 Students testing textile antennas
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Reflections: The results showed that soundwalking could be a viable method to explore in re-
lation to textile design processes, and in particular, it was shown to be essential to this process 
to gain experiential knowledge of the intangible material of electromagnetism. The structure 
of the workshop, where students oscillated between soundwalking and prototyping, suppor-
ted the reflective qualities of soundwalking and the iterative process that occurs with con-
structive design. Further, the use of a participatory design method created direct avenues for 
observation, support, and feedback between the researcher and the textile design students. 
Students were therefore well positioned to engage in the development, implementation, and 
critique of methods used, thereby enriching the development of smart textiles design. 

As first-year textile design students, they had no formal experience in textile design. However, 
within their capacities they attempted to design around their experience of soundwalking. 
Textile antennas were not critiqued for aesthetics, rather for how students aligned the de-
sign of the antenna with the experience of EMF and its relation to emanating objects. It 
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Structure: The workshop began with an introductory lecture situating the workshop subject 
within the discourse of intangible materials in textile design. The theoretical introduction 
discussed the phenomenon of electromagnetic fields in natural and built environments and 
conventional methods used to perceive them. Soundwalking as a method of inquiry was pre-
sented. Constructive design, co-design, and iterative design were discussed as design met-
hods to be used in the workshop, followed by a presentation of the exercises. An overview of 
conductive textile materials was provided, indicating the knitted structure, yarn choice, and 
the role of conductors in antenna reception. Finally, students received operational instruc-
tions for the Meander tool they would use throughout the workshop. Students were divided 
into 4 groups and given the following sequence of exercises to conduct: 

1. Soundwalk 1: Listen to interior environment using Meander tool and a simple  
 conductive textile swatch

2. Soundwalk 2: Listen to exterior environment using Meander tool and a simple  
 conductive textile swatch

3. Prototyping 1: Co-design of textile antenna prototypes in studio

4. Soundwalk 3: Listen to exterior environment using Meander tool and their textile  
 antenna prototype

5. Prototyping 2: Revision/Iteration of prototypes in studios

6. Soundwalk 4: Listen to exterior environment using Meander tool and their textile  
 antenna prototype

7. Prototyping 3: Final revision of prototype in studios

8. Final presentation of textile antenna design in the outdoor environment

This sequence of exercises was devised to keep the students working closely with the direct 
experience of perceiving the phenomenon and the emanating objects of the exterior environ-
ment. It ensured that students moved back and forth between designing, testing, reflecting, 
and iterating on their prototypes. Students were expected to manage their own time, and no 
time limits per exercise were given. However, students had to complete all of the exercises.

Figure 97 Students soundwalking with textile antenna prototypes
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was evident that students were still mystified by EMF and perhaps a longer, more detailed 
introduction to the phenomenon is required. On the other hand, as an exploratory workshop, 
one wonders about delivering “too much information” versus letting experience take place. 
This thought is also reflected in the students’ written evaluation. More knowledge of the per-
vasiveness of electromagnetic waves and how they propagate could allow students to closer 
connect their designs with the phenomenon, and better support the design results. Another 
approach could be to begin with exploratory soundwalks followed by a lecture afterward. 

It was observed that students would have been greatly challenged to design a textile antenna 
for EMF sensing without soundwalking. The range of emanating objects, the qualities of the 
EMF and its expressions were crucial to inspiring the formal and interactive qualities of the 
textile antennas. Oscillating between soundwalking and prototyping provided students with 
a framework that encouraged reflection, revision, and iteration, allowing them to move th-
rough stages of exploration and response. Thus soundwalking is a viable method to inspire 
textile design and with refinement to the methods explored here, design explorations could 
be furthered in order to gain a deeper understanding of design methods for the use of intan-
gible materials in textile design. 

Figure 99 Students listening to the low frequency radiation of the train tracks 

Figure 98 Examples of student textile antenna designs in the outdoor environment

Figure 100 Student listening to 50Hz radiation from lamp post 
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Workshop III: Immaterial Materials 

Co-designed and facilitated with Vidmina Stasiulyte

Date: April 10, 2019

Participants: 11 second-year BA-level textile design students

Duration: 3 days

Location: Högskolan i Borås

In this workshop, students explored the relationship between immaterials and the senses. They ex-
plored a range of non-visual or intangible materials such as sound, smell, and air, and considered the 
qualities that they contained and were asked to consider the ways in which they could be designed 
with in textile design. Students worked in small groups to explore the various dimensions of these 
materials and to discover methods of perceiving them using the qualities of other physical materials. 
Students were asked to spend considerable time reflecting on and remaining highly aware of their 
senses, in order to shift from vision dominance to other sensory modes. A final assignment was given 
where students designed an object that could modify the perception of an immaterial that was covered 
in the workshop. 

Aim: The aim of this workshop was to introduce the notion and properties of immaterials as a class 
of materials to work with in design. There was an aim to increase the student’s sense of material 
perceptibility, and to consider ways in which tangible materials also express non-visual or intangible 
phenomena.  

Method: Constructive design, co-design, and prototyping were design methods used by the students 
in the workshop. The teaching was based on experiential learning through working with and reflec-
ting on the materials at hand (Schön, 1987), as well as self-and peer-assessment in the form of group 
work and presentations of ideas and prototypes. 

Structure: Students were given an introductory lecture on sensory perception and materials, and were 
shown a series of speculative design tools that heightened one’s sense of an immaterial material such 
as air, sound, smell, light, etc. Following this, a group exercise of ”sensitizing the senses” took place 
over zoom. The intention of this was to centre oneself and allow for a heightened awareness of the 
senses. Students broke into small, virtual groups to conduct material exploration of either a) sound, 
temperature, and humidity; or b) Light, smell, and air. They were provided with a series of guiding 
questions to consider when working with the material.

WORKSHOPS

Guiding questions for groups working with sound, temperature, and humidity:

1. Compare the tactile and auditory perception: what senses and organs are used to perceive  
 sound, temperature, and humidity? 

2. How can you capture the invisible material? What objects/actions could you use?

3. What objects can modify the material (e.g. sound: amplify, dampen, isolate)?

4. How would you define the expressions of materials you explore?

5. How could you explore the intensity of temperature and humidity?

6. Which body interactions can you use to explore the material?

7. How does the expression change with different interactions? 

8. How could you perform these changes within the interaction and pressent different   
 expressions?

Guiding questions for groups working with light, smell, and air:

1. What senses and organs are used to perceive the light, smell, and air?

2. How can you capture these materials? What objects/actions do you use? 

3. How would you define the expressions of materials you explore? 

4. How do you activate the material (e.g. smell: cutting a clove of garlic, lighting the candle  
 and blowing it out)?

5. How could you embed the smell into a textile/object?

6. How could you modify the material? (e.g. light: filter, block, direct)

7. Think about the complexity of the material (e.g. apart from the natural gases, air also  
 contains things like smoke and dust). How could it inspire and generate design ideas?

How could you form an object using air? How could the form change over time?

Which body interactions did you use to explore the material?
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After these exercises, students were asked to work individually to take their material sketches 
forward and design an ”object of perception”. This is an object or tool that assists in presenting 
or modifying a particular immaterial. Students worked on this for approximately 1.5 days and 
final presentations were conducted. 

Reflections: This workshop was challenged by the required virtual teaching as a result of the 
arrival of Covid-19. Students were isolated in their apartments and only had access to basic 
household materials. However, students were able to comphrend the content of the workshop 
lecture and apply the discussion points on the relationship of sense, materials, and perception 
to the practical explorations that followed. It became clear that certain materials were easier 
for students to engage with while others felt a bit strained. For example, sound appeared to 
be quite accessible for them to exemplify with materials whereas humidity was more difficult. 
Further, students at times became confused with the cross-effects of the phenomena, where 
for example humidity might also express a certain quality when light passes through steam, 
or scratching a material for sound also creates a tactile feedback. This led to discussions about 
the dimensionalities of sensations and perceptions when materials are being considered. This 
workshop was favoured by the students as being highly experimental, though criticized for 
the challenge of conducting a highly sensorial workshop in isolation via Zoom. Figure 101 Student presenting her design sketch for visual sensing

Figure 102 Student’s exploration of light and material
Image credit: Student documentation
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