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ABSTRACT

In electronic textiles, we apply production techniques from both textiles and electronic engineering to bridge the gap between these two very different materials. While
it is obvious to apply electronic engineering to textiles to ensure the working of the
electronic components, the application of textile production techniques for electronics is still challenging. Yet it is in the appropriation of textile manufacturing that
there is a huge potential for innovation. This potential does not only cover the means
of production, but also the way we interact with digital interfaces as well as the overall aesthetic of those interfaces.
In this report, I describe the application of textile production techniques for sensing
and actuation in e-textile structures and artifacts. Examples show how weaving and
knitting on industrial machines can be used to design and build pressure sensors,
speaker coils and shape change structures. My goal was to develop the equivalent of
electronic components in a textile shape in a way that can be easily applied in future
projects. I also provide basic instructions on techniques for etching circuits that have
been described elsewhere but can be difficult to reproduce in practice. These techniques have also been used to build circuits for e-Textile prototyping, one being a BLE
module, and the other one a heat control circuit for textile heating elements.
In addition, this report contains application examples for textile sensors and actuators and descriptions of the design process that was used to develop them. The first
example is a sensor glove that was used for gesture recognition. The second example
is a woven textile muscle that was developed as the basis for a soft textile robot. The
examples illustrate the increase of complexity that happens when materials are put
into context.
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PREFACE

In this document, I report on two years of work as a postdoctoral researcher in the
project “Design, Textiles and Sustainable Development” at the Swedish School of
Textiles, University of Borås. Although I am a trained researcher and familiar with the
academic writing habits, I did not write this documentation in the characteristic style
of an academic publication. I regard it as a report from practice, from the workshop
and from the laboratory rather than an academic publication in the traditional sense.
After the project ended, it was important to me not to lose the experiences I made
in the process. These experiences concern my individual learning of new techniques
and tools, the very practical struggles with unfamiliar materials, and the accidents
that lead to interesting ideas and insights. They usually get little or no space in aca
demic writing; they are usually the messy parts that get cleaned up to convince the
readers that the conducted research is rational and relevant.
Consequently, this text has more resemblance with a travel report. It is a documenta
tion of my practical work and the rationale behind it, just like the description of an
itinerary that could have been different if other decisions had been taken. Thus not
all information is radically new – some things are familiar and proven by others, and
possibly better than what I could do. However I still believe that my report contains
practical information on how to get things to work – or not – that are hopefully useful
to others.
I would like to express my acknowledgements to the people who gave me the oppor
tunity to conduct this research, Prof. Lars Hallnäs and Prof. Vincent Nierstrasz, as
well as to Västragötalandsregionen for funding the project ”Design, Textil och Hållbar
Utveckling” at the Swedish School of Textiles. I would also like to thank my col
leagues Anja Lund, Gauss Lee, Charlie Wand and Waseem Tahir for their feedback
on my work and for making me learn about robotics and materials. Furthermore I
would like to express my gratitude to Hanna Lindholm, Magnus Sirhed, Lars Brandin,
Kristian Rödby and Anders Persson, who instructed me how to use the textile machi
nes and the chemistry lab.
Berlin, in November 2017
Katharina Bredies
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INTRODUCTION

The research project on “Textiles, Design and Sustainability” that this report is about was
started as part of a larger initiative to strengthen the local collaboration between the universities at Borås and Skövde. It was thus one of many activities that went on in parallel and
were funded by Västragötalandsregionen. The project setup was specific in that it provided
job positions for four international postdoctoral researchers, two at each institution, that
were expected to jointly develop an interdisciplinary research topic.
In early 2014, I was lucky to be one of them, responsible for the part of the textile interaction design. As a design researcher, I contributed my interest in interactive electronic
textiles, dealing with technical aspects as much as with the traditional textile techniques
and their potential for an interactive medium. My fellow postdoc researchers were Anja
Lund, a textile technology researcher with a profile in yarn production processes and polymer technology; Gauss Lee, a computer scientist with experience in artificial intelligence
algorithms for humanoid movement patterns; and Waseem Tahir and Charlie Wand, both
material researchers with expertise in modelling and simulating material properties on a
molecular level.
I shared a position with Charlie since I held a part-time position to be able to commute
between my new Swedish and my old German home. While the project ran over the course
of two years, I had one year available to spend on the actual work, split into residence periods of three months each. For a postdoctoral residency in the field of design research, the
project provided an ideal frame: A reasonably open-ended topic description that left ample
room for individual interests and methodological approaches, and a reasonably mixed
research team that was meant to develop an emergent interdisciplinary topic. Moreover,
the School of Textiles provided an attractive infrastructure with well-equipped workshops
for weaving, knitting, dyeing, electronics and rapid prototyping. I therefore had any chance
to develop my skills in textiles and electronics and learning from my colleagues from other
domains.
Defining an interdisciplinary research topic, however, takes time and effort. In a mixed
team, one has to learn each other’s perspective and align one’s interests with that of
everybody else. There are thus three major aspects that this report covers: One aspect lies
in my individual research interest, which I brought into the project in the form of ideas and
prototyping activities based in my previous work. These activities blend with the other two,
which are direct results from the joint research activities with my postdoc colleagues. In the
report, these three aspects are often mixed, but they can be roughly clustered by what I label individual explorations, textile sensing and human-robot interaction, and textile robots.
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INTRODUCTION

Individual explorations

ficial intelligence to compensate for the electronic peculiarities of the textile sensors
such as high noise levels and wear-out. This part of the project helped us to grow

My individual research interests were my starting point when I joined the project.

together as a team, to learn in depth about each other’s interests, and to develop a

Alongside with the shared research activities, I pursued the topics and interests that

common working direction.

I brought to my postdoctoral residency from my previous research in electronic textiles. Especially in the beginning, I used these explorations to become familiar with

From my perspective, what made the topic interesting was the integration of the

my new working environment and the facilities it provided. Although these activities

textile electronic into a specific object and application context, and to learn about

were not always directly related to the common topic or simply preceded the work on

the opportunities and problems that accompany this process. While there are quite a

the joint research, they helped me to develop the necessary skills that I needed: The

few sensor gloves that could be used for the same purpose, and quite a few hand-

programming and handling of the industrial knitting machines, the use of the hand

made e-textile gloves, there are only few attempts to develop towards an industrially

Jacquard loom and the Jacquard design program, or the production of custom-made

knit glove and to support the sensor precision with a high amount of expertise from

printed circuit boards from hard and soft substrates.

artificial intelligence.

Textile sensing and actuation in robotics

Textile muscles and soft robot morphologies

It was a challenge to develop a common topic across the different disciplines of
textile and interaction design, textile technology, material science and computer

Our second shared research topic dealt with a somewhat more exploratory and

science that would be equally interesting for all researchers. During the two years of

risky subject matter, that of textile robotics. The idea represents a more integrative

project time, two topics emerged: The first one evolved around electronic textiles as

approach to combining our respective expertise, in that the development of a textile

a sensing and control input for (humanoid) robots. The second one was much more

robot could not be split into individual parts as it was the case with the sensor glove.

unconventional and dealt with soft robotic morphologies and textile techniques to

To build a textile robot, one needs a textile muscle; and depending on the constraints

construct artificial muscles.

and possibilities of the textile technique one is using, the textile muscle influences in
turn the morphology of the textile robot.

Textile sensing and human-robot interaction

Many aspects of our second common topic were thus unexplored, from the performance of shape memory alloys and contracting polymer coils to the possible shapes

The common work on textile sensing was a result of Anja’s and my previous activities,

of a soft robot. Also, the application of kinetic textiles is less obvious than that of a

which focused on textile sensors and their application in wearable accessories. Such

textile sensor glove, even more if we consider that research on soft robotics is a rather

sensors are often demonstrated with simple feedback mechanisms to prove their

young field altogether.

performance, but in many cases they do not become part of an actual application
scenario. With Gauss’ expertise in robotics, human-robot interaction came into view

For me, working on textile muscles allowed me to experiment much more with textile

as a potentially interesting and relevant application domain.

actuators than in my previous research. This part of the project thus posed the bigger
challenge regarding my skills both in textiles and electronics on the one hand. On the

Since both Anja and I had worked on sensor gloves before, it made sense to use a sen-

other, it represented the conceptually more intriguing and visionary topic where I

sor glove to manipulate and communicate with intelligent machines. Textile sensors

could contribute my speculative skills as a design researcher.

can be conveniently use to track body movement, but the interpretation of the sensor
data is not trivial. There is thus a strong benefit in combining textile sensors and arti-
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TEXTILE
SENSING

Textile sensors can be constructed on the level of the material, as smart fibres, and
they can be built as a textile structure, e.g. a weave or knitting pattern. For the former
approach, expertise in material engineering is crucial, while the latter works with
readymade materials. As a design researcher, I was used to take the second approach
and to investigate possible textile patterns for electronic sensing. With Anja as a postdoctoral colleague, I also got the chance to use her material as a sensor, which was an
extraordinary opportunity to apply a smart material that was only produced in small
batches for development.
In this chapter, I describe projects that represent both approaches at different levels
of application. The more basic explorations on textile sensing structures however
mostly deal with the second, structure-oriented approach, while the material-based
approach is more appropriate when it comes to applying textiles sensors in wearable
artefacts.

Exploratory textile sensing structures
Textile sensors can be thought of as equivalents to simple interactive components
from electronics. The motivation is to recreate the sensing capability or a specific
form of a textile switch in a textile structure. In a second step, such a structure can be
integrated into an interactive object like an accessory or a garment. Sensing capability in this case lies more in the clever construction of textile structures and less in the
choice of materials.
Since I had worked with textile sensing structure before, my goal was to transfer and
create patterns and objects on industrial production equipment, minimize manual
post-treatment and make the patterns suitable for large-scale production and automation. Based on my experiences with a computer-controlled hand-knitting machine,
I wanted to create sensors and actuators with a better quality and more consistent
electric response, resulting from a very controlled and precise production environment.

Basic principle of electric sensors and switches
The basic principle to construct an electric switch is to have two conductive contacts
that do not touch when the switch is idle, and touch when it is activated. A sensor
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uses two contacts to produce a range of values instead of just changing between two
discrete states. The contact in the switch and the value range in a sensor are measured by the change in voltage by a microcontroller. With a digital switch, the difference in voltage is usually between minimum and maximum. With a sensor, the range
ideally varies from minimum to maximum with all measurable steps in between,
but it might also be restricted to a certain voltage range, especially for custom-made
sensors.
These working modes for sensors and switches can be reproduced in textile materials. The contacts of a textile switch can e.g. consist of two patches of conductive
fabric that touch when the cloth is folded. Textile materials that vary their resistivity
when they are squeezed or stretched produce the voltage range of an electric sensor.
Again, the switch or sensor might entirely rely on the changing properties of a single
textile material, or it might be a result from a textile pattern that is based on the basic
switch construction principle. The knit pressure sensor matrix is an example for a
knitted structure that acts as a switch or sensor, depending on the distribution of
conductive threads in the pattern.

The knit pressure sensor matrix
With knitting, one can create three-dimensional structures on the surface of the knit
using so-called hang-up stitches. These are stitches that remain on the needles while
only the surrounding stitches are knit. Using two needle beds, this technique is used
to produce a relief-like structure, where parts of the knit are slightly elevated from
the surface. This effect is not only aesthetically interesting – it also can be used as a
sensor or a switch: The stitches lie on top of each other in two layers that are slightly
separated. When one applies pressure to the knit, the layers bend down and touch. I
had experimented with hang-up stitches as a technique to create textile sensors and
connections before, and I wanted to try out this approach with the possibilities of an
industrial knitting machine. I developed this particular sensor together with Pauline
Vierne, a fellow researcher from University of Arts Berlin.
Since I did not have any experience in working with industrial machines, I took the
construction of this existing pattern as a starting point to make myself familiar with
the software for the knitting machines and learned how to produce the patterns on

Figure 1: First machine-knit versions of the
pressure sensors.

the machines.
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that each row of relief structure can be
used as a sensor: The longer the highresistance thread is, the more resistive it
gets. At the same time, the conductivity
of the low-resistance thread remains
more or less the same even if a lot of
material is used. Like this, it is e.g. possible to determine if the pressure sensor
matrix is pressed on the left or the right
Figure 2: Layout of the pressure sensor in the
knitting machine software Stoll M1.

side of the knit, because the resistance
of both touch points will vary.
The construction of this sensor is thus
quite basic: If only two contacts are used
for the entire matrix, it means that one

Transferring a hand knit pattern to industrial machines

can only measure pressure in one loca-

On a hand-knitting machine, stitches can be hung up manually after they have been

tion, and only the pressure point which

knitted down from the needle bed. Another way to make a simple relief is to use a

produces the lowest resistance in the

double bed setup and to combine plain knit and rib stitches. Whenever the needles

sensor. However the basic design can be

on one bed are left idle, and the needles on the other bed are knit, they will create a

modified to make a more sophisticated

small bulge on the surface structure.

sensor array that provides more information on the pressure points.

The manual lifting of stitches that are knit down from the needle beds is obviously
not possible on an industrial knitting machine. However the double bed relief pattern

Developing the sensor

can be implemented without further modifications.

Experimental work on the industrial knit-

Figure 3: Closeup of the relief structure in the
first samples.

ting machines is usually highly iterative

How the sensor works

because details matter. The interaction

The sensor consists of an array of small switches, strung together in a row and knit

of materials, structure and scale can thus

with several rows on top of each other. Each of the “switches” consists of a small

only be evaluated based on the actual

bulge where a conductive thread runs through the stitches on the front, while the

knitted piece. Since the sensor develop-

hang-up stitches in the back are knit from another conductive thread. The conductive

ment has been my first attempt to trans-

threads represent two contacts of a switch. When the bulge that makes up the relief

fer a knitted pattern from a hand-knitting

structure is pressed down, the two contacts touch.

machine, I needed several iterations to
become familiar with the machine pro-

To be able to determine the point of pressure, I used two different kinds of conductive

perties in the first place.

yarn: A very fine copper thread (Karl Grimm) and a silver-plated polymer thread
(Statex). The copper is much more conductive than the silver polymer, which means
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I started out by testing the scaling and
setup of the pattern using only standard
materials in different colours. The first
samples thus represent the exploration
of the basic pattern, and the actual size
of the relief that would be appropriate
for a textile sensor. In a second step, I
changed the pattern to function well
with the conductive material: That is, to
arrange the two conductive threads in a
way so that the thread would not be cut
and could be conveniently connected
for electric measurements. I used these
samples to test the sensor’s performance
and thus to verify if the scaling was well
chosen. In the third iteration, I designed
a structure that could conveniently host
a microcontroller for reading and transmitting the sensor values. I also made
the construction of the sensor slightly
more sophisticated by using separate
conductive lines for each row. This

Figure 5: Closeup, front and back view of the
sample to test the performance of the sensor.

means that the four rows of the sensor
can each be read as a separate sensor,
and not only one big patch.
To demonstrate the performance of the

I finally developed another, still simpler iteration of the sensor for dissemination

sensor, I sewed a connection patch for

and sharing. In this version, the sensor again consists of only two separate contacts.

an ATTiny microcontroller. The patch

Pauline and I submitted this version of the sensor to the “e-Textile swatch book

provides the connections from the sen-

exchange”, an initiative by Mika Satomi and Hannah Perner Wilson (Bredies & Vierne

sor lines to the controller, and from the

2016). In the exchange, e-textile practitioners submit an original proposition for an

controller to a six-pin header to transmit
the sensor values via a serial connection
to a computer. Via the serial, I displayed
the sensor values in a graph.
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electronic textile part (a switch, a connection, an actuator) and provide samples for
Figure 4: Representation of the pressure sensor
sample for electric testing in the knitting
software. The long vertical lines on the back are
hang-up stitches on the front needle bed.

the number of participants in the exchange. In turn, they receive samples from all
other participants. This exchange of knowledge and material is part of the “e-Textile
Summer Camp”, a one-week workshop on best practice in the field.
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Figure 6: Shadow view of a more refined sample
to test the scale of the relief bulges.
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Figure 7: Shadow view of the final pressure
matrix sample.

Insights from the construction process

Just like for the conductive threads, the choice of non-conductive materials can be a

The knitted cloth from an industrial machine is denser and finer than the one from a

decisive variable in a textile sensor. In my knitting experiments, I mainly used acrylic

hand-knitting machine, due to a much more detailed tension control for the yarn and

and cotton yarn. I started out with acrylic yarn simply because it was easy to handle

a much smaller needle gauge. The sensor only works well if the front and back layers

and readily available but changed to cotton because I preferred its haptic qualities.

are neatly separated in a relaxed state, and easy to connect with a reasonable amount

I did not make any samples using wool, which could have helped to keep the relief

of pressure on the surface. The challenge in constructing this balance is thus to find

more elastic and flexible and make the bulges return to their original shape after

the right mixture of material, scale of the relief, and tension in the knit.

pressing them down.

For instance, the fraying of the conductive yarns turned out to be a problem: The cop-

The height of the relief bulges was critical because they determined how much

per yarn basically consists of very fine copper wires with a support thread wound into

pressure was necessary to make the two electric contacts touch. I first tried out very

the centre of the yarn. Therefore the yarn has very little stretching capability. It also

different scales for the relief for both the height and the width of the bulges. Then

is more brittle than other conductive yarns and therefore tends to fray or break under

I decided to use a quite small scale first, also because I was concerned that for the

mechanical strain. Knitting such a yarn exposes it to enough strain to cause some

larger structure the surrounding non-conductive material would accidentally cover

of the filaments to break. This does not affect the overall conductivity; however, if it

the conductive lines in the bulges. The smaller scale means that less pressure already

happens in the wrong places, these frays produce a shortcut between the two sensor

produces a contact, and that there is a higher chance of the material not pulling back

contacts that are supposed to remain separated.

into its original three-dimensional shape.
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In addition to that, the yarn tension
influences the stretchiness of the textile
cloth. Industrial machines offer a very
detailed control for the yarn tension.
In theory, the tension can be adjusted
differently for each stitch. There are
standard settings for plain and rib knit.
In the sensor, the transition from the
plain to the rib parts of the structure was
important to allow for the two electric
contacts to be separate. If this tension
was not balanced well, the two contacts
would produce a shortcut.
All in all, the sensor matrix was quite
stable and reliable. There were however
some issues with the aforementioned
details: Namely the problem with the
fraying of the yarn, the elasticity of the
knit, and the sensitivity of the sensor.
The sensor tends to wear out after a
while. There are patches that have
Figure 8: Closeups of the back and front of the
knitted structure. The silver-plated nylon is
grey, the copper thread is bright orange.

temporal or permanent shortcuts due
to minimal fraying in the yarns. These
shortcuts sometimes disappear when

Figure 9: The sample with conductive lines
to test the sensor. I added the stitched circuit
board afterwards.

one stretches and moves the patch, but
they are also extremely hard to find and
fix. Also, the cotton yarn turned out to

For a more robust version of the sensor, all of these details could use further adjust-

be quite hard and dense, which made

ments: The most obvious change is the variation in the base and conductive materi-

the sensor more responsive to small

als. For example, with wool, the structure could be made more elastic. A change in

pressure inputs – like from a fingertip

conductive materials should also reduce the problem with the fraying. More experi-

– than to bigger pressure areas – like

ments with the scale and yarn tensions could fix the issue with the pressure sensi-

from an entire palm of the hand. This

tivity. For a first investigation, however, the exploration shows that knitted sensor

obviously affects the use of the sensor as

structures provide a promising and aesthetically rich alternative to sensor yarns. The

a matrix and makes it more similar to a

advantage in using structures is that we can use more primitive materials and thus

digital switch.

have fewer issues with the connection of the conductive threads, costs and complications in the production process.
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The woven pressure sensor matrix
Similar to knitting, weaving as a textile construction technique offers various ways to
create custom sensors and switches only through the careful distribution of conductive threads within the material structure. What makes weaving particularly versatile
and attractive for textile sensing structures are the possibilities to create multiple
separated or interlocked layers and to combine these with three-dimensional or
relief-weaving patterns such as waffle weave.
Like for the knitted sensor matrix, I have experimented with woven sensing structures in my previous work and developed a pressure sensor based on waffle weave
together with Ursula Wagner, a fellow researcher from Universität der Künste Berlin.
In the second part of the project, I was working on the Jacquard hand-weaving loom
and took this as an opportunity to experiment further with waffle binding and pressure sensor construction.

How the sensor works
The waffle pattern is a basic weaving pattern that makes the threads pile up to form
a three-dimensional textile structure. This effect comes from a particular distribution of binding points and floats that elevates and lowers the threads in the warp and
weft direction in a particular way. As a result, a square-like three-dimensional surface
forms. The larger the repeat is, the deeper the structure becomes.
In a waffle weave, the threads that have the least binding points between warp and
weft are the ones that represent the highest and lowest edges of the structure. In
these areas, the warp and weft threads that are not bound float on top of each other.
They will not touch if the fabric is not pressed because the structure is naturally
elastic and push the floating threads apart. This effect can be used to create a waffle
weave where conductive threads are inserted exactly into the warp and weft where
the weave structure itself will hold them apart. If one then presses the textile, the two
threads will touch.
Figure 10: Closeup of the woven pressure
sensor matrix with copper threads on the
long floats.
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In the initial sensor that I took as a

The conductive weft threads were much

starting point, we constructed two layers

easier to put into the textile, since they

for the two contacts of the sensor. In my

simply represented a change in colour.

exploration, I wanted to try to work with

I thus used two shuttles, one with stan-

only one layer and use a very basic wea-

dard cotton yarn, the other with Karl

ving pattern to achieve the same effect.

Grimm copper yarn, and changed them
according to the pattern.

Weaving the sensor
Figure 11: The woven pressure sensor in the
ScotWeave software.

Figure 12: The woven pressure sensor on the
AVL loom.

sensor matrix only late in the project

Insights from the
construction process

and the sensor development was not my

The most surprising insight from

main scope at this point, I only did a few

weaving the sample was that the warp

try-outs to make the structure work. On

and weft threads were so far apart from

top of this, the sensor construction re-

each other and so densely surrounded

quired that I inserted conductive threads

by other threads that they would not

into the warp. For sensor construction,

touch at all, not even under severe pres-

the warp is to a large degree not modi-

sure. Being accustomed to the opposite

fied because a mixed material warp is

– having a lot of undesired shortcuts in

much more complicated to handle than

unanticipated places – I did not expect

a warp with just one material. However

the waffle weave to be that efficient

in this case, I was interested in testing

in keeping the warp and weft threads

the principle and put the scalability of

apart. But in fact, once the woven cloth

the structure – e.g. for an industrial

is taken from the loom, it piles up con-

Jacquard loom – aside for a moment.

siderably and the threads slide together

Since I experimented with the woven

into a much looser and denser structure
I expected that I needed a considerable

than what was visible during the wea-

distance between the warp and weft so

ving process.

Figure 14: Experiments with different sizes of the
waffle weave.
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that the conductive threads would not

Figure 13: The conductive warp and weft
threads appear on top and bottom of the
structure where the longest floats are located.
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touch. Consequently, I chose a relatively

One basic implication from this explora-

big pattern repeat of 16 threads in warp

tion is obviously that more variations

and weft direction for the weave. In

are needed to find the right balance bet-

the pattern, the eighth thread in both

ween the size of the conductive surface

directions was marked to be conductive.

in the warp and weft, and the size of the

I prepared the warp accordingly and

waffle binding. There are several issues

pulled eight conductive copper threads

that one should consider: Not only could

(Karl Grimm) into the heddles on top of

the conductive surface be extended to

the existing warp threads.

more than one thread; but also are the

1

1

8

16

Figure 15: A simple waffle weave with a repeat
size of 16 threads.
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copper threads that I used for the sample particularly stiff and cannot be stretched at

pulling interactions. Stretch and pres-

all. Once the textile comes off the loom, the surrounding threads simply stretch back

sure are very common sensors to be used

elastically, while the conductive thread throws waves. This increases the effect that

in textiles – mostly because these kinds

the conductive thread is further pushed out of the waffle structure and covered by

of material deformations routinely hap-

the surrounding threads.

pen with textile materials and therefore
conveniently complement the sensing

Consequently, this particular woven variation of the sensor matrix never performed

capabilities of hard shell wearable de-

as a sensor or a switch. Nonetheless, I propose that it is worth to further investigate

vices. Pressure and pulling sensors also

the principle at a later moment in time.

provide useful information about the

Textile sensor materials in context

wearer, for example to track movements
of the torso and limbs. In this project,
I worked with a simple piezo-resistive

By putting e-textiles into context, I refer to the integration of a textile sensor into an

stretch-sensitive yarn and a more precise

object with a microcontroller, power source and possibly some feedback or output

and sophisticated piezo-electric fibre

mechanism to make its performance perceivable and meaningful. This jump from

developed by Anja.

making e-textiles work on a small scale and in a laboratory setting – like in a patch of
fabric on a table, wired to a microcontroller and connected to a computer – to using

Piezo-resistive yarn

them in an interactive object is one major challenge in designing electronic textiles.

Piezo-resistivity denotes an electro-

The integration into a context usually also implies that some kind of purpose is as-

mechanical behaviour where a material

signed to the sensor, which is no longer a single reactive element. Instead, it senses

changes its resistive properties under

something specific, like the movement of a particular limb.

pressure or tug. This property is common with conductive multifilament

The more complex the assembly gets, the higher become the requirements to the

yarns because pulling and pressing con-

performance and robustness of the textile sensing elements. Therefore the starting

denses the yarn and thus increases the

point for constructing interactive textile objects has often been to rely on sensitive

contact surface among the individual

materials first and introduce sensitive textile structures only if they can compete with

filaments. Knitted or woven structures

the performance of these materials. This is because a complete circuit embedded into

made from primitive conductive yarns

a wearable or mobile object confronts its developer with enough challenges already.

might also become more conductive

So to reduce the complexity to a reasonable level and to ensure the functionality of

when pressed for the same reason.

Figure 16: Bekaert Bekinox steel fibre yarn, Karl
Grimm copper yarn and Bekaert Bekinox piezoresistive yarn (from left to right)

the artefact, sensing materials are favoured to sensing structures for these kinds of
projects.

At the same time, there are also yarns
available that have a much more distinct

Textile sensing materials

piezo-resistive response and that can be
very efficiently applied as sensor yarns.
In the yarns that I used (Schoeller and
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For my explorations on interactive wearable textiles, I also focused on smart textile

Bekinox), the piezo-resistive effect is

materials, and more specifically those that allow measurements of pressure and

based on a quite simple mechanical
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principle. Both materials are a blend of standard polyester fibres and short stainless
steel fibres. Under pressure, the short fibres make a much better electrical contact
than in a relaxed state. This leads to a high resistance in idle state – about several
Mega-Ohm per meter – to a huge drop in resistance under pressure – down to some
hundred Kilo-Ohm.
This strong piezo-resistive response is easy to measure and interpret with a microcontroller without many additional electrical components. The interpretation of the
sensor data is also very straightforward, because the amount of mechanical force
corresponds to the change in resistivity. A constant pressure on a piezo-resistive yarn
will thus produce a constantly high analog signal for the microcontroller to read.
At the same time, the electric signal from the yarn is not very reliable in terms of
resistance change and repeatability: The resistivity heavily depends on how well the
yarn relaxes after being exposed to strain, and the high resistivity makes it difficult
to measure stable values in the first place. Precise measurements with this kind of
material are therefore hard to achieve. At the same time, it is extremely easy to work
with because the amount of conductive material is relatively low, so that the yarn
quality resembles standard materials and does not pose an additional challenge for
the industrial machines.

Piezo-electric yarn
Piezo-electric materials also react to pressure and tug, however not with a change

Figure 17: Closeup of the piezo-electric fibres
and the Bekinox piezo-resistive yarn wound
around it as an outer electrode. This material
could possibly be used to measure two values
at once.

in resistivity, but a change in electrical potential or voltage. The deformation thus
changes the potential between two poles in the material and thus produces a small
voltage. Piezo-electric yarns are much more sophisticated than piezo-resistive yarns.
In my case, I used the yarn developed by Anja (Nilsson et al. 2013) which consist of

however, the fibre is not yet polarized. For the material to become dipolar, the con-

a conductive carbon-based core with a polymer sheath. An external conductive yarn

ductive core and the outer electrode are connected to a power supply and exposed to

can be wound around the polymer filaments to form the other electrical pole. At the

a very high voltage for a few seconds. During this procedure, it is also heated up to a

time of the project, this yarn was not a commercial product, but only available in a

temperature of around 70°C.

small quantity that was produced by Swerea, Anja’s partner in developing the fibre.
Moreover, the change in voltage produced by the piezoelectric fibre is very small and
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The properties of the piezo-electric yarn also require a much more sophisticated

thus needs to be amplified to be measurable with the kind of microcontrollers that

electrical circuit for the sensor response to be read. First of all, to make a connection

I used. The amplifier and its periphery add a considerable amount of components

to the conductive fibre core, the fibres need to be cut with a razor blade and treated

to the overall circuit. In turn, the piezoelectric signal is much more precise than the

with silver ink to increase the contact surface. If the connection is successful can only

piezo-resistive signal. Unlike the latter, it consists of an impulse that deviates from

be determined once the fibre is tested for a piezoelectric response. In its initial state,

an average value in both positive and negative direction and resembles an oscillating
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curve. The signal thus does not provide

show it to visitors and to be able to relia-

information on the duration of the strain

bly demonstrate its performance.

– it will go back to the average value
after the impulse – but about the impact

The previous prototype

of the strain. This also implies that it has

The initial version of the sensing gaunt-

to be read and interpreted differently

let was developed to prevent strain-

than the simple analog value from a

related diseases on the wrist. It provides

piezo-resistive sensor.

two textile pressure sensors to measure
the force and bending on the inner
and outer side of the wrist made from

The sensing gauntlet
Figure 18: The sensor gauntlet from the EIT ICT
”Connected Textiles” project.

piezo-resistive yarn. It is designed with
a hound’s-tooth pattern to integrate

The gauntlet was a project result from

the sensor yarn unobtrusively with the

my previous work that I found suitable

standard yarns. Most of the connections

as a test case to develop the necessary

to the microcontroller were stitched

skills on the industrial knitting machi-

manually after knitting the main piece.

nes. Just like with the knitted pressure
sensing matrix, the construction of the

A small custom-made flexible PCB with

sensing gauntlet served two purposes:

a microcontroller, battery and Bluetooth

To transfer a pattern that was previously

module are attached with snap buttons

made on a hand-knitting machine to

on the inside of the gauntlet. While the

an industrial machine, and to optimize

entire assembly works in principle, it

this pattern for large-scale industrial

proved to be quite sensitive, with large

production with minimal manual post-

variations in the sensor reading and a

processing.

high risk of damaging parts of the electronic circuit.

Therefore I was also interested in
sensor material and at the same time

Translating the design onto
the industrial machine

integrate the necessary connection into

In my first attempts to translate the

embedding both the electric textile

Figure 19: The custom made circuit board for
the gauntlet with buzzer, ATTiny controller and
lithium polymer battery.

the textile object. In the new version of
the gauntlet, I wanted to include the
connections already with the knitting
pattern and have a more robust version
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gauntlet pattern to the industrial
Figure 20: The computer layout for the first single-sided versions of the machine-knit gauntlet.
Connections and sensor yarns are in colour.

machine, I remained close to the handknit version in that I simply adapted
the one-layered structure of the initial

of the electronics for reading the sensor

pattern. Since the connections from the

values. The functional benchmark was

sensors to the lower part of the wrist

to make the gauntlet robust enough to

were not meant to show on the surface, I
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Figure 25: Screenshot from the knitting
program for the gauntlet. Connections that are
knit between the layers with tuck stitches need
to be inserted manually.

Figure 21: Closeup of the connection lines in the
sample with tuck stitches and several
knitting errors.
Figure 22: Back and front of the first sample.

made several attempts to integrate them
on the back face of the knit: I used tuck
stitches and an additional layer on the
rear needle bed. Those attempts eventually led to acceptable results but were far
from a significant improvement.
Therefore I changed the knitting technique in the second iteration, which was
the most important change to make
the pattern work. The construction
of the gauntlet was greatly improved
by the fact that industrial machines
offer double-face jacquard knitting. In

Figure 23: Closeup of the second sample of
the gauntlet with the connections closed in
between the front and back layer.

a double-face knit, the knitted fabric
has two interlocked layers of plain knit
facing each other, with the coloured
pattern running in front of the knit,

Figure 26: Back and front of the final gauntlet
with the conductive yarns pulled out and fixed
with tape.

and an inversed version of the pattern
running in the back. The two layers are
only connected where a colour changes
from the front to the back layer, so that
Figure 24: Front and back of a test knit for the
Jacquard technique. The colours from the front
are inversed on the back, except for the sensor
surfaces in yellow and purple.
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the textile has hollow pockets between
the layers where one colour is knitted as
a larger surface.
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had a much tighter fit than the old one.
Putting the electronics components
inside would have simply been inelegant
and impractical. The new approach – to
have a flex PCB bracelet with a lithium
Figure 27: The electronic bracelet that Hannah
Perner Wilson designed for the machine-knit
gauntlet.

polymer coin cell battery – solved this
problem in a very visually pleasant and
original way.

The two-layered construction of the

Insights from the
construction process

Jacquard knit was convenient because

Usually, for each e-textile wearable pro-

the electric connections could be hidden

ject, the integration of the sensors either

between the layers. With this setup, it

follows common sense rules or is indivi-

was also possible to integrate the sensor

dually tailored to the wearable artefact

yarn just on the side of the gauntlet that

at hand. However, it would be useful if

faced away from the skin, and thus to

the specific production techniques for

avoid noise or disturbance of the sensor

sensor integration were systematically

signal through skin conductivity.

shared and more easily available. At the
same time, the difficulty in developing

Figure 28: Back and front of the final version
template for the gauntlet. A small sensor
detects strain on the wrist, a bigger sensor
measures the bending of the hand.

Hannah’s electronic bracelet

shared best practice for textile sensor

The University of Arts Berlin commis-

integration might be due to the fact that

sioned the revision of the electronics

this is a middle ground between textile

for the industrial version of the gauntlet

design and electronics that only few

to Hannah Perner Wilson. Hannah

people cover. Regardless of intellectual

developed a version of the electronic

property issues, which also restrict the

assembly that could be worn around

sharing of such useful information, it is

the wrist outside the gauntlet (Perner

usually necessary to learn the techni-

Wilson 2015a). This change proved to

ques while trying to do the integration

be very useful for the further develop-

on a particular project.

ment not only of the gauntlet, but also
for the data gloves that I made later on

Industrial machines then offer a large

in the project.

repertory of sophisticated pre-set techni-

Figure 29: The final gauntlet with the electronic
wristband attached.

Figure 30: The Bekinox piezo-resistive sensor
yarn is in bright grey, the connections are knit
with Karl Grimm silver-plated copper yarn.

ques that can be appropriated for the

40

However, at first the redesign of the

proper integration. In my case, it was

electronics was also due to the fact

however still quite a challenge to mini-

that the new version of the gauntlet

mize the post-treatment – for example,
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I still needed to pull out the connection
threads to the surface of the knitted
cloth to sew in the snap buttons, since
they would always be locked in between
the two layers of the Jacquard knit.
What also affected the performance
more than I expected was the choice of
the non-conductive material for knitting. The cotton material that I applied
was convenient and comfortable to the
skin, but not very stretchy. The whole
gauntlet was thus knitted in a relatively
dense way. This was not ideal for the
performance of the sensors, as the standard yarn did not support the sensors in
relaxing after being exposed to strain.
Alternatively, the same pattern might
be more flexible if I used wool or added
Lycra for more elasticity.

The data gloves
The development of the data gloves was
the first truly collaborative part of our
common project, where the postdoctoral
researchers worked on a shared topic.
At the same time, it was also based on
previous work by Anja and me. Anja had

Figure 31: The numerous iterations of the data
glove.
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used a glove to demonstrate the sensor effect of her piezo-electric fibre before, ho-

The Shima Seiki knitting machine had

wever without integrating the fibre directly into the construction of the glove. I had

some built-in glove templates that made

supervised a project in which we also used piezo-resistive yarn in a glove to deter-

the design easier and more difficult at

mine finger movements, however the glove was knitted on a hand-knitting machine

the same time. Gloves are knit from top

and partly sewn with leather.

to bottom, starting with the fingers.
Each finger is produced separately be-

In our joint project, I wanted to integrate the sensor fibres directly and ideally create

fore all of them are joined in the upper

a glove pattern that was ready to be connected to an electronic wristband with

part of the hand. Therefore all threads

minimal post-treatment. As an application context for wearable sensors, gloves are

are cut when one finger is finished. The

relatively popular (Fujiwara et al. 2013; Hrabia et al. 2013; Onodera et al. 2010;

thumb is added after the four-finger

Pereira et al. 2013; Tongrod et al. 2010; Perner Wilson 2015b). At the same time,

palm. Depending on the knitting pat-

there are not many textile versions of sensor gloves since the textile sensors usually

tern, stitches are transferred between

do not meet the requirements for high precision (Satomi et al. 2011). And it is even

the two beds and moved around to

less common to use industrial knitting for production, even if the advantage lies in

provide a more convenient fit for the

the relatively low costs that could make up for the low sensor precision and target

thumb. This also implied that some knit-

different applications.

ting techniques and colour combinations

Figure 32: Screenshot of the knitting program
with the first intarsia test on a glove.

are not possible in the areas where a
I worked on two versions for the glove: The first one used piezo-resistive yarn, which

lot of stitches are transferred. Also, the

was cheap, easy to handle and appropriate for functional testing. Based on the

whole glove is knit as a tube. Although it

positive experiences with this glove, I constructed a second version with the more

is possible to design a glove pattern that

precise but also more demanding piezo-electric fibre. Ideally, in a future version of

is knitted on every other needle and thus

the glove, both sensors should be combined to get even more accurate data on the

leaves space for transferring stitches

finger movements.

between the two beds, it is then compli-

Figure 33: Screenshot of the compiled view for
the glove. The narrow part in the center represents the intarsia knit.

cated to add more colours to the pattern.
The development of both glove patterns went through several iterations. In the first

A glove that is knit this way needs to be

explorations, I made myself familiar with the programming of the Shima Seiki knit-

shrunk using Lycra, which then has to

ting machine, which provides elaborated templates for knitted accessories such as

be knit in with every colour used. I will

gloves or hats. In the later iterations, I adjusted the appearance and placement of the

elaborate on each of these constraints

sensors and the connections. The main challenge was to find ways to reconcile the

while I discuss the techniques used in

requirements for a data glove in terms of sensor placement and connection with the

the glove pattern in detail.

capabilities of the knitting machine. The data glove should preferably provide separated sensors with a reliable response on each finger. This required that the sensors

Intarsia knitting

were as long as possible and that the glove provided a good fit for the wearer without

While all horizontal electrical connec-

wearing out the sensors. The sensors should be connected to the microcontroller

tions are very easy to construct on a

through knitted connections that should not affect the sensor signal when the glove

knitting machines, vertical connections

was worn and moved.

are usually challenging. The same holds

Figure 34: Back and front of the intarsia test with
conductive materials.

for sensors that are placed vertically in
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For separate vertical connections, the
most convenient and safe way is to knit
them as intarsia in separate colours as
well. However, for intarsia knitting, it
is usually necessary to have as many
yarn feeders as connections, plus additional ones for the background colour,
elastic thread and sensor materials. The
number of required yarn feeders thus
quickly adds up and extends the number
of available feeders on the machine. For
five fingers, the number of necessary
yarn feeders would be as high as nine,
but the Shima Seiki only provided six
yarn feeders. To achieve a higher degree
of automation in producing the sensor
gloves, it was thus necessary to look for
other techniques than intarsia knit as

Figure 36: Test glove with floats. Floats are intact
on top and cut in the bottom view.

alternatives to knitting vertical connections.
Figure 35: Development of a first version of the
glove with sensors on four fingers and a
common connection on the palm.

Floats and vertical connections
Since the number of yarn feeders on
the Shima Seiki machine did not allow
me to knit all connections as intarsia
colours, one major issue that I explored

parallel on the same knitted patch but should function separately from each other.

in the following iterations of the glove

My first tests on the glove knitting machine thus evolved around the possibility to knit

was to work with floats to bypass the

the piezo-resistive thread as a narrow one-stitch intarsia on the front and the back of

limitations of the knitting machines.

one finger. I made these tests simply to find out how the Shima Seiki design program

In addition, using floats for vertical

supports this narrow intarsia knit when compiling the control code for the machine.

connections was another technique
that I wanted to transfer from a hand
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These initial tests turned out surprisingly well, and the gloves were knit without any

knitting to an industrial machine. The

further problems. The next step was then to have sensors on all fingers, and also to

hand knitting machines I worked with

integrate the necessary connections for each sensor: One connection on the palm

provide plating feeders on a double

side that was the same for all sensors; and five separate connections on the back of

bed that insert an additional thread

the hand side to read the sensor values.

into the knit only when both beds are

Figure 37: Intact and cut floats inside the glove.
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used. It is therefore possible to combine
plain knit and rib knit to selectively add
conductive threads in vertical columns,
with large floats between them. The
conductive yarn is only knit in with the
rib knit but floats over the plain knit.
These floats can be cut afterwards to
Figure 38: Screenshot of the float structure in the
knitting program. Yellow dots represent tuck
stitches.

separate the columns. The electrical
contact between the rows in the rib knit
columns remains, even if it is not quite
as conductive as a continuous thread. I
used this technique in samples before,
and I was interested in finding a way to
translate it to an industrial machine and
in an actual wearable textile.

Figure 40: Version of the piezoelectric sensor
glove with conductive coating on the inside to
keep the threads in place.

This technique however turned out to
be very particular for hand knitting
machines. The industrial machines did

version. Therefore the vertical columns were conductive but also very sensitive to

not provide selective plating but only

pressing and pulling. To address the problem that the conductive thread could simply

overall plating over the entire length

be pulled out, I experimented with coatings on the inside of the glove to better hold

of one colour. I therefore explored tuck

them in place. I tried three coatings: Ordinary silicone, an acrylic coating for textiles,

stitches to achieve a similar effect: The

and a conductive two-component coating. All coatings had to be flexible enough to

conductive thread would be knitted

allow the knitted fabric to stretch after drying. I applied the coatings in a very simple

in columns of tuck stitches, and then

way by masking the floats on the inside of the gloves with paper tape and smearing

knitted in with the background colour

on the coating with a spatula.

in the next row. This pattern produced
columns and floats that were similar to

I cured the coatings in the oven to accelerate the process, removed the tape and cut

the plated columns.

the conductive thread floats. The results of this treatment were mixed: All coatings
worked relatively well in holding the conductive tuck stitches in place. However,

Figure 39: Sample glove with coated and cut conductive floats on the inside for electric testing.
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Unfortunately, the tucked stitches were

since the base material for the gloves – wool – was very fringy, and the coatings

less well integrated with the background

were quite viscous, they sometimes did not infiltrate the wool enough to glue the

colour than with the plating technique:

conductive yarn to the wool. A foreseeable side effect from the silicone and acrylic

It was quite easy to remove a row of

coating was that the textile structure became slightly stiffer and less flexible than

tucked conductive thread by accidental-

the surrounding knit. It also appeared that the non-conductive coatings decreased

ly pulling it out. Moreover, the threads

the conductivity of the copper yarn, probably by letting the yarn surface oxidize or

were not as dense as in the hand knit

by covering too much of the yarn. One working solution was though to apply the
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conductive coating in a thinner layer, and thus without changing the conductivity
of the copper yarn. However, using the conductive coating on top of the conductive
yarn seemed redundant to me at this point, since I could use the coating without the
conductive floats to make a connection. Unfortunately, the vertical connection also
turned out to have a relatively high resistance altogether.
Another problem appeared with the cut ends of the conductive floats. When I stretched the glove, the cut conductive yarn ends sometimes poked out from the inner to
the outer side of the knit. This did not affect the conductivity but the aesthetics and
the wearing comfort. The fringes gave the glove a very untidy look. They also turned
out to be sharp like needles and poke tiny holes into the skin of the wearer, leaving
microscopic wounds. I therefore decided to replace the vertical columns with conductive yarn and hand-stitch the connections from the finger sensors to the microcontroller for the next iteration of the glove.

Inlay threads
For the piezo-resistive yarn, a vertical intarsia knit on the back of the finger was a
reasonable and well-working sensor shape. Although I knitted the same sensor shape
for the piezo-electric yarn as well, I was interested in exploring other forms of inte-

Figure 41: Tests for knitting a suitable glove on
every other needle, and the desired result with
an inlay thread around the index finger.

gration that would increase the effect of the sensor. I therefore experimented with
an inlay thread that could be woven in with the background colour of the glove. The
idea behind this approach was that the inlay thread would be stretched and pressed

needed to figure out the dimensions of the glove so that it had a proper fit. After that,

by the surrounding structure on a much longer distance than in the straight intarsia

I developed a program for the Shima Seiki to put in the inlay.

knit. The signal thus should be stronger when the wearer of the glove moves a finger.
Programming the knitting pattern for an inlay is not a core function of the Shima
An inlay thread moves back and forth between the regular stitches that hold it in

Seiki design program. This means that the structure cannot be set up in the standard

place, similar to the way a woven thread in the weft moves up and down between the

view for the glove design. Instead, it has to be programmed stitch by stitch in the

warp threads in a plain knit. In every first row, the inlay thread will e.g. go behind

compiled knitting view. Any changes to the glove template will then override the

the first, third and fifth stitch, and in the following row, it will go behind the second,

manual changes in the compiled view. It was only with the extensive help from the

fourth and sixth stitch. To have such an inlay on a glove is complicated because the

knitting technician that I could test the inlay on the glove pattern, since the setup of

standard glove is knit on every needle in a tube. There is thus no way to move the

the program required an in-depth knowledge of the stitches and machine functions.

stitches back and forth for the inlay thread without accidentally closing the tube.
It then took several try-outs until the inlay thread would knit correctly in with the
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This meant that for the inlay to work, I had to switch from the standard glove temp-

base colour of the glove, and be neatly wound around the finger without accidentally

late that knits on every needle to a scaled-up version that knits on every other needle.

closing the finger tube. The result was however disappointing: I still had to make

Adding Lycra to the base colour can shrink such an enlarged glove template back

the glove shrink to the proper size, but the inlay thread would not shrink with the

to the size of a standard glove by steaming it with an iron. For the first iterations, I

surrounding knit. Therefore the inlay thread hung loose between the stitches. If the
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thread were a sensor yarn, it would

metrical shapes made the glove design

have barely reacted, because the sur-

resemble traditional patterns in Fair Isle

rounding knit does not press or pull

technique. With every iteration, I could

the inlay thread sufficiently when the

thus vary the pattern slightly to eventu-

wearer bends a finger. The inlay and the

ally get a more visually pleasant result.

surrounding material thus were not well
proportioned. I therefore abandoned

For the connections, I initially planned

this approach and settled with the in-

all of them to simply run straight down

tarsia technique, which produced more

vertically, and to place the contacts

satisfying results.

on the wristband accordingly. For the
piezoelectric glove, this was not possible

Formal-aesthetic integration

because the placement of the compo-

When I though about how to integrate

nents collided with the sensor contacts.

the sensors and connections on the glo-

While I was moving the connections out

ve, I took not only the technical perfor-

of the way, I also experimented with

mance into account but also considered

their visual appearance. At this point,

the formal-aesthetic consequences of

I was also aware that I could not knit

the different sensor setups. One aspect

the connections but had to hand-stitch

was the sensor design on the back of the

them. The knitting pattern for the con-

fingers, another one was the shape and

nections in the later models there-

distribution of the connections from the

fore provides orientation for the hand

electronics wristband to the sensors.

stitching and is knit entirely without the

Figure 43: Closeup of the sensor pattern on the
finger knuckles.

conductive yarn.
Both the piezo-resistive and the piezo-

Figure 42: Development of the pattern for the
finger sensors and conductive lines on the
glove.
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electric fibres react best if they are

For the contact on the inside, I also tried

pulled firmly. For the placement on

to get away from the very boxy and

the fingers, I therefore assumed that I

rectangular layout that often resulted

could get the best value range from the

from the rectangular cut of the glove

sensors from the pulling and pressing

itself. In some versions of the glove, the

of the fibre over the upper and lower

palm sensor contact therefore appears

finger knuckle. While the initial sensors

slightly curved. However I abandoned

on the first versions of the glove were

this variation because it did not seem to

just straight intarsia lines of one stitch

add a lot to the design, and did not look

width, I later on added more sensor sur-

so convincing either.

face to the fingers where the knuckles
are. In combination with the vertical

In terms of colour choice, I used dif-

lines on the back of the hand, these geo-

ferent colours for the different versions

Figure 44: Variations for the conductive lines on
the piezoelectric glove to match with the circuit
wristband.
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without a rib knit, which made it appear
elegant and feminine.

The circuit
For both gloves, I borrowed the basic
principle that Hannah Perner Wilson
developed to construct the electronics
for the sensor gauntlet. Based on the experience with the gauntlet, I was aware
of a few possible improvements that I
wanted to introduce in the design of the
glove circuits. Both circuits were more
complex than the one for the gauntlet
and thus required more space for additional components. The flexible circuit
board required that the placing of the
components should be well considered,
because solder contacts could break if

Figure 46: Both sensor gloves with their
electronic wristbands attached.

they were bent too often and too heavily.
A stable power supply and reliable fastening mechanism were also crucial.
The main purpose of the attached
Figure 45: Variations of the design for the
connection from the palm to the finger sensors.

electronics was to read the values from
the sensors and to transmit them to a
computer via a serial connection, either
with a cable or with a Bluetooth module.
The electronic wristband for both gloves

of the glove, mostly trying to find a combination that worked well with the colour-

thus hosted the components necessary

ing of the sensor and conductive yarns, which were bright grey and copper-orange.

for reading the sensors, a battery and

However I did not systematically plan the colour combinations, but instead browsed

a header to attach a Bluetooth module

the broad choice of materials available in the knitting workshop.

or serial-to-USB converter PCB with a
USB cable connection. I will discuss the
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In designing the shape of the glove, I realized after the first iteration that I needed

detailed development of the electronics

much more space to attach the electronics. The electronic wristband needed to be

together with the basic techniques for

placed lower on the wrist so that the wrist and finger movements would not affect it,

producing a flexible circuit board in the

which was already on the lower arm. This led to the glove having a much longer cuff

chapter ”Electronics”.

Figure 47: Piezoelectric fibre knitted on the
finger knuckles.
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Figure 48: Stitched connections from the
piezoelectric fibre to the copper thread below
the finger. The upper contact on the fingertip is
made by surface contact.

Handling the piezo-electric fibre
The piezoelectric fibre is more complicated to handle than the piezo-resistive material because it is harder to connect electrically and needs more peripheral components
to act as a sensor. The knitting process itself however went well and without further

Figure 49: Performance test of the first sensor
glove version with a simple graph visualisation
for each finger.

problems with the machine. The challenges appeared in the finishing process, when
I had to connect to the fibre core and make sure there were no shortcuts between the

tested if the polarization was successful. Initially, not all sensors reacted, so I needed

inner and outer electrode.

to redo the stitched connection. There is no visual or more straightforward way to
find out if the core is successfully connected, which makes the handling of the piezo-

Anja had a cone of the fibre available that was already prepared with an outer

electric fibre relatively labour-intensive.

electrode. The electrode consisted of a thin Statex silver-coated polymer thread that
was wound around the seven piezoelectric fibre filaments in the centre. The knitting

Visualisation

machine routinely cuts all threads after having finished knitting one of the fingers,

One important part of the performance test for the gloves was to check the sensor

and secures the threads with a few tuck stitches on the inside. This mechanism did

data – if the sensors reacted at all, and to figure out the sensor range and possible

not affect the connection to the outer electrode, since the Statex yarn was knit adja-

dependencies of the sensors when the wearer moved the fingers. I programmed the

cently to the copper thread contact on top of the fingers. The Statex thread thus made

microcontrollers on the wristband – both ATTiny84 boards with a firmware to run

direct contact with the Karl Grimm copper thread coming from the palm side of the

code from the Arduino IDE (Banzi 2016) – to transmit the sensor data as a comma

glove. The inner electrode, however, first needed to be cut and dipped in silver ink to

separated list with a carriage return at the end. Hence there was no protocol, and no

connect to the fibre core.

way to check for data losses, but a very simple data format that could be conveniently
read and processed without further knowledge in computer science.

To make this connection, I pulled out the secured end of the piezoelectric fibre on
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the back of the hand side and removed the last end of the outer electrode. This was

The incoming data can then also be easily displayed in a serial monitor software on

necessary to avoid shortcuts between the two poles. After cutting and dipping the

the computer. However, an array of numbers is usually harder to interpret than a

fibre in silver ink, I hand stitched the silver-dipped end to the copper connections on

visual graph with the same data. This is especially the case if the signal is very short

the back of the hand. Anja then polarized the fibre directly inside the glove, and we

and not proportional to the strain on the sensor, as for the piezoelectric sensor fibre:
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To make it easier to demonstrate the basic function of the piezo-resistive glove, I
also added a few interface elements to Tiago’s sketch for a quicker setup. Usually the
values for the serial port, the baud rate and the number of input values have to be
changed in the code before running the sketch. I added the necessary dropdown lists
and buttons so that the user could change the values directly in the graph visualisation.
For the piezoelectric glove, I also wanted to know the changes in value if one of the
finger sensors was activated. Anja and I could test the general functioning of each
sensor fibre with an oscilloscope but did not use the oscilloscope to measure the
amount of deviation from the average value on activation. Since the signal of the piezoelectric fibre was not continuous, it was important to track and store the activation
event in the microcontroller software, and therefore we needed to know the activation value. Although the fibre allows for precise measurements, the sensor values can
Figure 50: Screenshot of the graph visualisation
for the signal from the piezoelectric fibre to
determine the threshold for activation.

be quite noisy depending on the environmental conditions such as temperature and
humidity.
I thus set up the graph visualisation so that it displayed a horizontal line every ten

Here, the signal describes a sinus-like curve that floats in both negative and positive

values that made it easier to read the values, and added the function to take screen-

direction around an average value. Even more than for the piezo-resistive signal, the

shots. This was necessary to be able to properly interpret the bending and stretching

piezoelectric signal thus becomes clearer in a graph visualisation.

of the finger, which both produced the same signal. For the connection to the robot,
we finally used the piezo-resistive glove so that we did not apply the sensor values

I used the open source program Processing (Fry & Reas 2016) that provides functions

in our application. However it still served its purpose whenever I demonstrated the

and libraries for visualisation and basic GUI design. Since the graph visualisation of a

piezoelectric glove.

number of values is such a basic need in working with tangible interfaces, a colleague
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from UdK, Tiago Martins, developed some easy-to-use code for processing to display

Connection to the NAO robot

sensor values. This code opens a connection to the serial port, splits the incoming

When I started working on the glove, the interaction of the glove with the robot was

data and displays it as a number of separate graphs one beneath the other. A simpler

not yet defined. Still Gauss and I needed to figure out a practical way of how the

example code for Processing displays several values on the same range, that is, on top

sensor data from the glove could be used to interact with the robot, a NAO humanoid

of each other, for direct comparison of the values.

model.

For the piezo-resistive glove, I used Tiago’s sketch to test the sensor range and adjust

The NAO comes with a visual programming environment called Choreographe that

the values for the so-called pull-up resistors – the resistors that are used for the

also allows computer scientists to add their custom libraries. A contributed library

voltage divider at the sensing pin of the microcontroller. The values of these resistors

for the NAO is the ArduiNAO (Humarobotics 2012), which enables the user to

determine the voltage range that the microcontroller receives from the sensor. The

extend the hardware capabilities of the robot. We evaluated this library for our own

goal is to get the maximum range of values for the analog-digital converter of the

purposes but found that it had a different scope: The main benefit was that the NAO

microcontroller.

could then access more sensors and actuators through an additional Arduino board.
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However, this board had to be attached to the NAO with a cable. Such a setup would

Gauss set up a demonstration software in which the NAO robot tells the glove wearer

be inconvenient to be used with a glove. We also tested the example code with an

to display a certain number between zero and five, and checks if he or she displays

Arduino Lilypad board and found that we ran into problems. While it is a common

the number correctly. Details on the algorithm and application can be found in the

problem with contributed libraries to make them work with one’s own hardware

conference paper we published together (Li et al. 2015). Gauss showed the demon-

setup, we then decided to look for an easier connection instead.

stration on the last big meeting with the steering committee from VGR, which funds
the project, with a considerable resonance in the local and national media.

Gauss and I finally settled for a setup where a computer acts as a communication
interface between the robot and the glove. The NAO can be easily controlled via a

Insights from the design process

WLAN connection, while the glove uses either a Bluetooth or USB serial connection

For interactive textiles that are put into an application context, the complexity

to the computer. The translation from the glove to the robot thus ran through the

usually increases significantly compared to the neat setup of just one isolated textile

computer, which also made it possible for Gauss to use its more powerful computing

sensor. This becomes visible in the many constraints and requirements that suddenly

capabilities.

apply to the design. In the case of the glove, these constraints did not only come from
the knitting machine and its capabilities or the textile sensor materials, but also from

Interpreting the sensor data

the shape and application of the glove as such, the interpretation of the sensor data

I produced a version of the glove with sensors on four fingers with both sensor yarns,

and the connection to the robot.

and another version that included the thumb only for the piezo-resistive yarn. Due to
the fact that the piezoelectric yarn needed an amplifier, I did not add the thumb version

However, the capabilities of the Shima Seiki knitting machine still heavily influen-

because it would have required me to make major revisions in the electronic bracelet.

ced the design. Whereas working on the readymade template gloves was relatively

For the piezo-resistive material, however, the changes required in the circuit to add the

easy to do, the more individual patterns had to be done in the compiled format of

thumb were minimal.

the glove, which required much more experience with the program. Modifying the
templates was thus almost not possible for an untrained person like myself, and I had

All finger sensors on the glove reacted and produced a reasonable range when the

to use a lot of prefabricated routines, which was helpful and restrictive at the same

fingers were bent. At the same time, it was not obvious from the values alone to deter-

time. Because of the specific routine in glove knitting, I soon reached the limits of the

mine which fingers were actually bent at the same time: Only if a finger was bent with

machine and had to work around e.g. the limited amount of yarn feeders.

both finger joints did the sensor produce a maximum output. For real-life gestures and
movements, this is hardly the case. The sensors reach their minimum and maximum

The textile sensor material was relatively easy to use with the knitting machine, and

values only if the wearer opens the hand entirely or forms a fist. However the values

both yarns ran well in the machine at a low speed. Connecting the piezo-electric

were more ambiguous for all other hand gestures.

fibres then represented a minor complication, compared with other problems like
fraying or breaking that can occur with conductive thread materials. The only

This meant that the values for each gesture were somewhat interdependent because

property that could have become a problem in another setup was the fact that the

fingers are hard to move individually. For Gauss to use the sensor data, he needed a

piezo-electric fibre could not simply be connected to itself once it was cut, because

suitable artificial intelligence algorithm to make sense of the glove data. This algorithm

that would have required re-connecting the cores from the individual fibres. This was

needs to be trained, i.e. fed with a set of existing values that represent certain gestures.

however not necessary, since the length of the piezo-electric sensor over the back of

For demonstration purposes, we decided to use counting gestures as a starting point

the finger was sufficient.

to set up the algorithm. Gauss thus captured a set of several hundred values for these
gestures. This should also ensure that the algorithm would recognize the gestures correctly in spite of the large fluctuations that occurred on the sensor readings.
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As a wearable textile accessory, the

interpretation algorithm for the glove also made the whole assembly more sensi-

glove is however not a very grateful

tive to errors.

and forgiving artefact: The require-

Figure 51: Solder connections on the palm side
of the glove to mend broken thread connections.

ment for good fit and wearing comfort

Since we had a demonstration that required rather unambiguous interpretation of

are high, and there is not much space

the glove sensors, we faced our own expectations on how the glove should perform.

for variation when it comes to the

This is not the case for all thinkable applications – there are scenarios where fluctua-

overall shape of the glove. The knitted

tions in sensor values can be utilized as part of the system. As this was not the case

structure is exposed to heavy wear and

with our demonstration, it was important that the assembly of glove, data interpreta-

tear, creating the risk that conductive

tion algorithm and robot control worked well together. At the same time, this assem-

fibres break. Also, the possibilities to

bly was already complex enough to fail in demonstration situations. This meant that

use a glove are somewhat limited and

the complexity of a relatively straightforward application was already high enough

usually focus on reading the finger

to cause a lot of work on each detail if it was to perform flawlessly. This perception of

movements. This means that regard-

a precise and well-working sensor, however, is very much tied to the performance of

less of the effects that are connected

conventional sensors. Such a comparison does not do justice to the specifics of textile

to the sensors later on, the applica-

sensing and instead applies the standard from conventional electronics unquestioned

tion context of a glove dictates a lot

to textile electronics.

of parameters and leaves little space
for deviations. Since the application is
clear, all techniques to construct the
glove should then ideally be chosen
according to this application.
Besides, finger movements are very
fine and accurate and usually require
high precision sensors – the more precise, the better. Textile sensors, howeFigure 52: Fraying ends from the copper thread
floats stick out of the knitted structure. They
also irritate the skin while wearing the glove.

ver, do usually not produce the clean
and noise free signal that engineers
are hoping for. There is only little that
can be done in the hardware setup to
improve this variation in textile sensor
values – this is something that has
to be resolved in the data interpretation. There are suitable algorithms
that can be used to these ends, which
was finally Gauss’ task. However, the
necessity to use a rather sophisticated
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While textile sensors are the easiest and most convenient way to make a textile
“smart”, it is slightly more complicated to construct active textile elements that
actually deserve this name. Based on the idea that such an actuator should actually
be made from textile or textile-like materials, the possibilities shrink to a few output
methods. The two that I will address here are auditory output and shape change,
whereas the main focus is on the shape change.

The textile speaker coil
Making a knitted textile speaker element represents another approach to translating
existing knitting patterns from hand-knitting to an industrial machine. As with the
vertical connections and the gauntlet, I have successfully knit the speaker on a handknitting machine and was interested in having it as a reproducible industrial pattern,
including the electrical connections.
The working principle of the knitted speaker coil is based on a flat speaker coil
design. The idea to use conductive threads and textile production methods such as
embroidery or knitting for the coil is not new. In fact, such speakers have been knit on
a hand-knitting machine (V2 Institute for Unstable Media 2016) and embroidered on
an industrial embroidery machine (Stitching Worlds 2016; Thompson 2016). I borrowed the principle to make a description of the knitting process together with Sara
Diaz Rodriguez, a fellow researcher at UdK Berlin.

How the speaker works
The most important difference of the flat speaker to more widespread cylindrical
speaker is the arrangement of speaker coil and magnet towards each other. The basic
working principle, however, remains the same: Electrical current is used to turn the
speaker coil into an electric magnet. Turning it on and off in a particular frequency,
it then moves in relation to a permanent magnet and thus creates audible waves. An
additional membrane helps to make the sound more audible, since the textile is usually not sufficiently stiff to produce a loud sound. In the case of textiles, the speaker
coil might be straight or circular; it might consist of knitted or embroidered magnetic
thread or cut out conductive fabric. A strong magnet, e.g. a neodymium magnet, is
needed to make the coil oscillate sufficiently.
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It took a few iterations until I could coordinate the knitting on the two beds so that
the row count was the same for the pocket and the background. I used both beds
whenever a double layer was needed, which was also the case for the hidden connections of the conductive yarn to and from the speaker coil. I finally managed to
integrate all desired changes and to scale down the pocket to fit one of the available
neodymium magnets. In the function test, the speaker worked as expected.

Insights from the design process
The major challenge in constructing the speaker was less in the pattern itself than in
the differences of the industrial and the hand-knitting machine. These differences
are not equally significant for all patterns, but they turned out to be significant for
this one. The technical possibilities of the industrial machine are much better than
for the hand-knitting. At the same time, I was not familiar with the routines on how
to change from a one-layer to a two-layer plain knit when I started to transfer the
Figure 1: The knitted speaker sample with the
pocket for the neodymium magnet on the front
and a patch of enameled copper wire on the
back.

Developing the knitting pattern

pattern. These techniques required some practical learning with the software and the
machine and thus some failures for the first try-outs.
In hindsight, the speaker coil was the most reliable and well-working pattern that I
translated to the industrial equipment. In this aspect, the refinement of knitted electronic elements on the industrial scale can be considered like a test for the components: Because the quality of the industrially knitted fabric is much more consistent,

On the hand-knitting machine, one can produce a speaker by knitting a regular piece

it takes away a lot of the variation that comes with the hand-knitting. If thus a pat-

of plain knit fabric and adding the speaker coil by using the ribbing attachment to

tern does not work on an industrial scale, there are still ways to improve it. However,

create a small pocket on top of the plain knit. This approach requires a bit of hand

it is probably also a sign that the design of the pattern is not ideal in the first place.

work, since the entire speaker coil is knitted first on the ribbing attachment, and then
attached to the plain knit row by row by hanging in the edge stitches.

Textile shape change structures

On the industrial knitting machine, the method to knit open pockets on top of a plain

Unlike the textile speaker, which is by now a quite well known and often used electro-

knit is different simply because there is no way to hang in stitches that have left the

nic textile element, there are no such established techniques to create a shape-chang-

needle bed. I therefore needed to change the speaker coil pattern so that the coil and

ing textile. This does not mean that it is not possible: In the past, kinetic textiles have

the pocket to hold the magnet can be knit in parallel on the two beds. I also wanted

been constructed with thread-like materials that can be integrated into a fabric using

to blend the conductive material for the coil with the background material to make

traditional textile production techniques. This requires that the actuating material is

it more robust against mechanical strain. Finally, the connections towards and away

sufficiently flexible to blend in with standard textile materials, and at the same time

from the speaker should be hidden in the background material as well, to get as close

sufficiently strong to move itself and the textile structure that it is embedded in.

as possible to a reusable speaker element.
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Currently there are two kinds of materi-

current and use its resistance to produce

als that are suitable for this purpose and

the necessary heat for deformation.

commercially available: Shape memory
alloy such as Nitinol, and shape-chang-

Nitinol can be purchased in different

ing polymer fibres. In this project I used

qualities. Cold-drawn wire has not been

both materials to create textile muscles,

annealed and thus does not have a shape

i.e. actuators that could perform a move-

memory, while straight annealed wire

ment and counter-movement and be

will straighten out and unfold when

activated with electric current.

heated up above its transition temperature. There are SMA materials such as

In this section, I will introduce both ma-

Dynalloy’s “Muscle Wire” that is trained

terials, explain how to activate the shape

to shorten its length by six per cent.

change, and describe the ways that I

Nitinol is also available in pre-trained

applied them together with textiles and

coils to increase the activation effect.

Figure 4: The high temperature furnace in the
polymer lab.

textile production techniques.
I mostly worked with straight annealed
Figure 2: A spool of straight annealed Nitinol.

Shape memory alloy (SMA)

Nitinol wire and Muscle Wire because
they allowed me to forgo the annealing
process. Annealed material is also easier

Shape memory alloy is often called by its

to process because it has less tension.

brand name, Nitinol. The alloy is com-

Nitinol in general has a very springy

posed from Nickel and Titanium; under

and slippery behaviour, which is even

heat, its structure changes from an aus-

stronger if the material is not annealed.

tenite (deformable) to a martensite (sta-

Figure 3: A trained shape memory alloy called
”Muscle Wire” by Dynalloy.
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Shape setting the SMA

metal represents its shape memory, i.e.

The most basic shape setting procedure

the position in which it will return when

for Nitinol consists in exposing it to

exposed to a certain temperature. There

500°C for 30 minutes in a high tempe-

are different transition temperatures for

rature furnace. During this annealing

Nitinol, depending on the specific alloy

process, the Nitinol needs to be fixed in

used. They can be as low as 0°C and as

the desired shape by some mould or rack

high as 100°C. Shape memory alloy wi-

that withstands these high temperatu-

res that are used as electrical actuators

res. This basically makes it impossible to

often have a transition temperature

anneal wires that are blend in a textile

around 70-90°C. To activate the wire,

structure with other fibres, since all of

one can use resistive heating, i.e. to

them would burn or melt. The memory

expose the SMA to a certain amount of

for the wire thus has to be shape set

Figure 5: 3mm threaded rods to anneal the SMA
into a coil shape.
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before it is worked into a textile structure, or blended with other metal materials.
The polymer lab at the University of Borås provides a small and very precise high
temperature furnace that I was allowed to use for my experiments. The furnace had
an interior space that measured about 20 on 20 on 25 cm. This size sets the limit for
the annealing process.
The knitting technicians had worked on a project to knit medical stems for heart
surgery before and had kept the Nitinol wire from this project in their office. I borrowed some of the material for my first try-outs because it is very expensive and I
had no prior experience with the thickness and quality that would be suitable for my
purposes. I started with the only wire that had a transformation temperature above
37°C and used it for the shape setting experiments.
For my first attempts, I used a very fine threaded rod with 3mm diameter and matching nuts as a mould for the wire. The nuts kept the wire fixed on both ends while the

Figure 6: First attempts to knit the SMA blended
with wool.

threaded rod pressed it into a narrow spiral shape. The annealing worked without
problems and the wire formed a spiral when exposed to heat. However, the spiral was
perfectly straight, but twisted in those parts where I wound the wire around the rod
with a certain twist already. These slight twists made the spiral change direction, and

are usually combined with mechanical springs so that they can expand and relax

eventually led to kinks in the shape. The kinks did not only push the wire into undesi-

similar to a muscle. My assumption was that the knitted structure could act as such

rable directions in its idle state but also were prone to breaking between the activated

a mechanical spring in two ways: The volume of the textile could push a SMA coil

and relaxed state. Therefore I did not continue the shape setting experiments with

apart, or its elasticity could pull a straight annealed SMA wire back into the bent pat-

the wires and instead focused on shape setting entire knitted structures later in the

tern of the knitted loops.

process.
In a first series of samples, I worked on the hand-knitting machines and knitted the
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Nitinol in single rows into a patch of wool. These initial explorations served mainly

My initial approach to working with SMA was to blend it with standard textile

to become familiar with the behaviour of the material and to explore the effect of

materials. Knitted structures are inherently stretchy and flexible because of the way

different knitting patterns that would go together well with it. I had ordered a small

that the textile material is bent into dense loops with every stitch. When pulled apart,

quantity of straight annealed Nitinol and used it along with the thin coils that I

they will pull back into shape. Depending on the knitting pattern, this effect is more

annealed from the existing SMA wire in the knitting lab. I started out with making

or less dominant: In a plain knit, the difference between the maximally stretched and

samples in plain knit and 1-1-rib knit technique, where I inserted one row of Nitinol

relaxed state is smaller than in a rib knit.

in the centre of each patch.

I wanted to use the inherent stretchiness of knitted fabrics as a counterforce to the

The SMA knitted well on the hand-knit machine despite the fact that the material

movement of the Nitinol. The SMA wires deform in one direction when activated but

is very slippery and tension control is almost impossible. When I tested the first set

do not return to their initial shape when they cool down. Therefore SMA activators

of samples, it turned out however that blending the material with standard threads
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I also abandoned further experiments
with the coiled SMA wire at this point
because the first samples were so disappointing. For existing kinetic textiles,
coils are often used on the back of the
fabric to connect two distant points, or
stitched onto a fabric to draw it together
on activation. This approach yields
the desired results but did not satisfy
my wish to integrate the SMA with the
textile. It rather seemed to be a practical
workaround from the pragmatic point
Figure 7: Nitinol wire on the hand-knitting
machine.

of view that it actually made the textile
move.
In my second series of patches, I inserted
the Nitinol only on a few needles per
row first, with long floats between them.

was more problematic than I expected. The coiled SMA, on the one hand, was simply

In these samples, the wire was not very

too thin and too weak to have any effect on the surrounding structure. While a knit-

well attached to the surrounding fabric

ted textile appears to be very soft and flexible, it can quickly become too dense and

and thus could not pull the structure

heavy for the Nitinol wire to move it. The straight annealed SMA wire, on the other

apart on actuation. However, it became

hand, showed a visible but totally undesirable reaction when I activated it: Instead of

clear that it helped to bend the wire only

pushing the surrounding knit structure apart, the wire protruded the structure and

slightly, and the deformation became in-

poked out of it. The knitted loops in the wire thus straightened but did not stay in the

deed less random than with the densely

same flat plane with the rest of the material. Because of the heavy bending of each

knitted loops.

Figure 8: A second set of samples with SMA and
wool, experimenting with longer floats and
tuck stitches.

knit loop, the wire pushed to the outside. In this case, the wire was so significantly
deformed that the surrounding knit did not draw it back into a looped shape.

For a third iteration with the blended
samples, I did not knit in the SMA

I realized that the bending of the individual loops imposed too much change in direc-

with actual stitches but only used tuck

tion for the wire to produce a repeatable and even deformation in the knitted textile.

stitches to fix it on top of a plain knit.

In my second set of samples, I therefore experimented with ways to integrate the wire

Similar to the previous series, I started

that kept the wire straighter and only slightly waved. I was hoping that with less dif-

with tucking in on individual needles

ference between the mechanical deformed state – the waves – and the straight state,

with several empty needles between

the wire would not protrude the material and would be deformed back into the wave

them. For the following rows, I lifted the

after activation.

wire onto the surrounding needles on
the left and right. In this manner, I
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attached the wire row by row in a
smooth wave pattern, trying different
needle distances and wave heights for
the different samples.
In these samples, the Nitinol still tried
to protrude the knitted surface while
straightening out on actuation but did
not poke out of the structure. This
resulted in the knitted fabric throwing
waves when I actuated the SMA. The
textile thus deformed around the wave
that the wire formed on its back and
became more three-dimensional than in
an idle state.
The effect was a first step in the right
direction. At the same time, it was still

Figure 10: Variations of SMA samples knit with
plain knit on every needle, every other needle,
in garter stitch, and in a wave pattern (5 rows
plain, 5 rows purl).

too random to be a promising textile
actuator: If the Nitinol wire was acFigure 9: SMA lines blended with stainless steel
wire on different gauges knit on every needle
and every other needle.

cidentally twisted around itself before

Instead, I decided that blending the SMA wire with standard textiles introduced too

I inserted it into the knit, the direc-

many parameters to the process, and therefore changed my approach. For the next

tion of the twist affected the bending

series of samples, I left out the standard material as far as possible and started to

direction of the wire. The structure did

experiment with larger patches knitted entirely from Nitinol.

not deform in a uniform way. Another
issue that I had with the pattern was

I also went back to my initial assumption that the knitted structure might serve as a

the very manual way that I had used

mechanical spring and counteract the movement of the SMA after activation. The

to produce it. While it is fairly simple

difference was that in this iteration, the entire structure would be knit from Nitinol,

to work with SMA on a hand-knitting

and therefore should hopefully deform in a more conform way than in the blended

machine, it is very complicated on an

samples. I focused on two different patterns for these samples: a plain knit in several

industrial machine. I expected a lot of

sizes and a garter stitch knit, since the garter stitch was mentioned in Abel, Luntz and

difficulties in transferring the pattern

Brei (2012) as a very effective pattern for actuation.

with the manual lifts to the industrial
machine, and was not convinced that

A garter stitch pattern consists of alternating rows of plain and purl stitches. This

it would necessarily produce a better

setup makes the fabric pull together in vertical direction in a small zigzag structure.

result.

On the hand-knitting machines, it is possible but not easy to create a garter stitch pattern, since it is necessary to transfer all stitches from one needle bed to the other on
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every row. Without a transfer carriage, this can be best done with a so-called garter

Shape setting the knitted structures

bar, a long bar with hooks to hold the knitted fabric and to turn it around on the

Based on my experiences with the

needle bed. One inserts the garter bar onto the needles, pulls the knitted fabric on

flat knit SMA patches, I changed my

the hooks, turns the bar with the fabric around, and pulls the knitted fabric back onto

approach again to experiment with a

the needle bed. Even if the garter bar saves the work to individually transfer each

combination of tube knitting and shape

stitch, it is still tedious, time-consuming and risky to use.

setting the wire in a knitted state. I
therefore purchased a number of steel

I produced a series of samples that vary in material – straight annealed Nitinol and

rods and tubes in different lengths and

Muscle Wire, – in technique – garter stitch and plain knit –, and in density – from

sizes that I used as moulds to shape set

knitting on every needle to knitting on every third needle. As a combination between

the knitted Nitinol tubes.

the garter stitch and the plain knit pattern, I also made a sample that alternates plain
and purl stitches after every fifth row, causing the structure to roll up in vertical

I started out with knitted steel tubes to

direction. As a surrounding material, I applied stainless steel wire that I removed for

determine the appropriate size and den-

some of the samples later on. As a result, I had a number of patches solely made from

sity for the samples so that they would

SMA available for testing.

conveniently fit onto the steel moulds.
My intention was to heavily stretch the

Although these samples were much more uniform in terms of material and structure,

tubes in vertical direction around the

their performance on actuation was still disappointing. The heavy bending of the

steel moulds. This means that the SMA

wire at the edges of a patch caused a major problem because it made the samples

wire is shape set in a position where

– especially the plain knit pattern – roll up in horizontal direction. This behaviour

the stitches are very long and narrow.

is very common and happens with standard plain knit structures as well. As for the

In an annealed state, the tube would

SMA, it affected the deformation of the samples so heavily that the effect in the cen-

thus shrink. A soft padding inside the

tre of the patch was hardly visible.

tube could then act as a counterforce to
push it open after activation. An SMA

In general, the deformation that I could observe was that the samples became slightly

segment on a tube could thus act similar

shorter. This was in line with what I read in the literature on knitted Nitinol, but the

to a segment of a worm, which was one

amount of deformation remained at only a few per cent of the overall size, even for

of the basic morphologies for soft robots

the sample that had been evaluated best by others (the garter stitch and Muscle Wire

(see chapter ”Textile Robots”).

Figure 11: Steel tubes and rods for annealing
the SMA.

combination). At this point, I did not anticipate anymore that the knitted structure
would add as a mechanical spring but rather that the structure would constrain the

In a first attempt, I produced a densely

movement of the SMA to become more controllable. Since the effect was so minimal

knitted and relatively wide tube with

– it consisted in a shortening of a several centimetres by a few millimetres only – I did

two separate sections of Nitinol. When

not expect that it would be useful in a textile muscle. At this point, it looked as if the

I tested the sample, the effect of the

combination of the straight annealed SMA and the knitting technique would not lead

activation was not immediately clear.

to more promising results if I did not shape set the material myself.

At the same time, the sample showed
heavy variations in how much current it
would draw, since it was only connected
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to a laboratory power supply without
further control circuit to regulate the
power. As a consequence, part of the
sample overheated and the wire burned
up. After this happened, I was concerned to damage the other section on the
sample as well and decided to redo the
experiment with a new sample.
In the second iteration for the tubes,
I made a much looser structure with
Figure 12: First SMA tube after annealing.

bigger stitches by just knitting on every
other needle of the hand-knit machine.
I produced a narrow and a wide version

Figure 14: The second set of SMA tube samples
on the steel moulds before and after annealing.

of the tube and annealed both in a
stretched position. During testing, these
samples deformed in the desirable way,
and the SMA segment on the tube narro-

I also stuffed both tubes to test the force and counterforce balance of the Nitinol and

wed down. The effect was however less

the padding of the tube. I tested the effect with standard padding for textiles and

smooth than what I had hoped for. In

with a rolled up piece of paper. I expected the pressure from the padding not to be

fact, the wire seemed to rub and scratch

very uniform, depending on the density of the material, and the paper to have a more

heavily between the stitches while it

even pressure towards the outside when it tried to unroll inside the knitted tube.

tried to move into its shape set memory.
Besides, I observed the same fluctua-

For both paddings, I realized once again that the deformation effect of the SMA was

tions in power consumption while the

merely strong enough to deform the knitted structure, but did not move any other

deformation happened, so I tried to find

surrounding material. In addition, neither the padding wool nor the paper roll was

the lowest possible power setting for the

strong enough mechanical springs to push the Nitinol back into its original state.

shape change to take place. I presumed

Figure 13: Second set of tubes, the narrow one
on top, the larger one on the bottom.
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that either the knitting procedure or the

All in all, it proved to be too hard to find a working balance between the tension and

activation after the annealing had remo-

activation force of the SMA and the knitted structures that I could test. This is also

ved the oxidized insulating layer around

due to the fact that with knitting as a technique, I could not vary all parameters such

the wire and created short cuts in the

as pattern, needle size, stitch size and surrounding material in the way that would

structure. This was an unexpected and

have been necessary. Moreover, the scope of my investigations was to create a textile

undesirable side effect of the production

actuator that I could use for something else, and less to dive into the details of mate-

technique that I could hardly avoid.

rial engineering with detailed and structured experiments on all of these parameters.

79

Textile Actuation

Weaving the SMA
Stitching the Nitinol to an existing textile was always just a quick and easy way to explore different setups for the actuators. However, from my perspective, this technique
only served as a pre-stage to a more thorough and elegant integration of the material
into the textile structure itself. Just like stitching, weaving has been successfully used
to integrate Nitinol with textiles, as it seems to accommodate the material properties
much better than knitting. Once I had developed a proper sense of the proportions
for SMA patches on textile, I started to experiment with weaving to come closer to
the idea of a textile muscle.
Figure 15: The SMA wire stitched on to a piece of
fabric with a sewing machine.

Insights from working with the SMA
In sum, the SMA turned out to be a promising and at the same time very sensitive and
unpredictable material. What made it difficult to handle were its relatively high costs,
the difficulties to find useful information on its treatment, and its specific material

Based on these experiences, I therefore decided to leave knitting as a technique aside

properties.

since it created too many practical problems and no significant kinetic effects that I
could use for further explorations.

The high costs for Nitinol make it difficult to use the material in large quantities, or in
many different variations. SMAs are applied in the medical industry, such as in stents,

Stitching SMA to woven fabric

or in mechanics as a power-saving alternative to motors. None of these applications

Since my attempts to create a knitted SMA actuator had not been successful, I deci-

require large quantities of the material. Moreover, there are only few suppliers and

ded to take a step back and try out some more basic explorations with the Nitinol. I

thus little competition. Because it is so expensive, every use of the SMA has to be

changed my focus from working with a particular technique to exploring functioning

carefully considered. This is an obstacle to using it with material-intensive techniques

setups first. From existing projects with electronic textiles and shape memory alloy, I

such as knitting, so that experiments on a larger scale represent a high risk of consu-

knew that the material deformed quite predictably when it was stitched onto a textile

ming a lot of material in vain.

surface or woven into a textile structure. Going back to reconsidering the shape of
soft robots, I therefore started to explore the basic behaviour of stitched-on Nitinol on

Knowledge around the material is also subject to intellectual property rights and rela-

fabric substrates.

tively well guarded by the companies that sell it. Distributors provide basic information to activate the SMAs but are rather uncommunicative about the more sophistica-

With the straight annealed SMA, I made a few variations for simple wide and narrow

ted shape setting procedures.

curves first that I needed to determine the necessary density of the SMA on the textile
for effective deformation. A simple meandering pattern kept the wire firmly attached

Its material properties also cause some challenges on a practical level. The actuating

to the fabric and deformed it very well. I then proceeded with more specific explo-

force of Nitinol is very powerful in comparison to its thickness, and trained SMA

rations regarding the number of actuators, their size and distribution, to propose

springs can pull an impressive amount of weight. At the same time, the range of

alternative soft robots morphologies (see section ”Soft Robot Morphologies” in the

materials that are appropriate to be used with textile production equipment and in

chapter ”Textile Robots”).

textile structures is limited: If the material is too thin, it does not have enough actuation force; it if it too thick, it becomes too stiff.
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The oxidized layer that covers many SMA wires is mostly convenient but makes it
hard to establish a reliable electrical connection. It might be accidentally removed,
as in my experiments with the knitted tubes, or it needs to be sanded off where an
electric contact should be made. Soldering Nitinol is very hard and requires specific
and very aggressive soldering flux, otherwise the solder lead just drips off. The most
common and far more convenient way to connect it is thus by crimping the wire
directly to the electrical contact, or by soldering to the crimp contact afterwards. This
makes it harder to integrate the Nitinol into an assembly that is more complicated
than a test piece in a laboratory setting.
So far, SMAs are attractive for their powerful effect but hard to control outside a very
confined setting like a test stand or a fixed two-way actuator such as a lever. Most
textile structures do not provide such a rigid structure and do not prevent the wire
from bending and twisting in undesirable directions. For now, it seems that weaving
and stitching on are the most effective and practical techniques to integrate Nitinol
into a textile and to best work around the difficulties that come with the material
properties.

Shape-changing polymer fibres
Polymer fibres such as nylon or polyester can shrink under heat and relax when
cooled down and therefore behave similar to SMA “Muscle Wires”. This property is
called thermal contraction. It is inherent in all polymer materials but usually produces only a very minimal contraction effect. Coiling the polymer fibres into a spiral and
thus condensing their structure can amplify this effect. The coils then react similar
to springs and draw together when heated. Like Nitinol, they also need to be pulled
apart after the activation by a mechanical force. For non-conductive polymers, the
heat for activation needs to come from an external heat source, while for conductive
polymers, one can use resistive heating similar to the SMAs.
Polymer fibres are much cheaper than SMA wires and therefore an attractive alternative for material-intensive applications. At the same time, it seems that it is still
Figure 16: Coils made from different polymer
materials.
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a challenge for material scientists and
mechanical engineers to conceive a production process for pre-coiled polymer
fibre materials. Until now, the coiling of
the fibres is a very manual and timeconsuming process.
To explore polymers as actuators in
textiles, I worked closely with Anja who
Figure 17: Conductive polymer monofilament
samples from Statex.

had come across an article by Haines
et al. (2014) that presented successful
experiments with the material. In the
course of the project, I mainly worked
with four different polymer materials:
One was a common 0,2mm diameter
fishing line from a local supermarket;
another one was a 0,1mm diameter

Figure 19: Polymer coils in a woven structure
with heating yarn and thermochromic yarn.

fishing line that had been tested in the
paper by Haines et al.. The other two

This procedure was theoretically easy and practically challenging, since we did not

were conductive monofilaments from

have prior experience with an appropriate twisting speed and the necessary pulling

Statex with 400 and 600µm diameter

force to keep the fibre tense during the twisting. Finding a good device for coiling and

and a silver coating.

figuring out the right amount of weight to attach to the fibre was thus an experimental process that needed some improvisation.

The coiling process
The basic setup to coil a polymer fibre

For her first coiling tests, Anja used a hand power drill with a battery but switched

requires a rotating device that works at

to a blender for the chemistry lab when it turned out that the power drill’s battery

a constant speed and the right amount

was quickly drained. I made first attempts with a small hand drill for sanding until I

of weight on bottom of the fibre. When

realized that the drill simply ran too fast for a good coil to form. After a few failures, I

the fibre is twisted, it will first build up

also switched to the lab blender.

tension and at a certain point form a coil
Figure 18: Coiling tests with different weights
attached to the filament.

to release the tension. The coil forms

The amount of weight necessary varied greatly among the fibres. The thin fibres

from the bottom or top until the other

needed as little as 50 grams, while the thickest one required as much as 300 grams.

end of the fibre fixture is reached. When

If the weight was not heavy enough, the fibres did not form a coil, but a messy twine

released, the coil slightly relaxes and un-

with several slings and knots. If the weight was too heavy, the fibres broke in the cri-

winds but keeps its basic shape without

tical moment when the coil was just beginning to form. But even with well-working

further treatment.

settings for the twisting speed and weight, there was no guarantee that each fibre
strand would result in a workable coil.
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Moreover, the longer the polymer
strands were, the higher became the risk
that the coiling failed. I produced a set
of coils from each of the four materials

sample

sample

but had difficulties to twist strands that
were longer than 80-100cm. The resulting coils thus were between six and
nine centimetres long, which limited

movable
part on aluminium
rods

the size of the test patches that I could
produce with them.

Weaving the polymer coils
Since the coiled polymer strands were
too short for knitting, and based on my

pulley
for
weight

experiments with the SMA in knitted
structures, I settled for weaving as a textile technique to integrate them from the
beginning. The SMA and polymer coils
shared some core properties as actuators, such as the thermal deformation

Figure 21: Technical drawings for the wooden
and the acrylic version of the test stand.

and the one-way actuation. It therefore
made sense to try out both materials
Figure 20: Sketches for the test stand.

in similar weaving structures. I will
elaborate on the textile integration of

by Abel, Luntz and Brei (2012), and

the polymer coils in detail in the chapter

decided to reproduce it.

”Textile Robots”.
This model test stand consisted of a

A test stand for the shape
changing structures

horizontal carrier with two immobile
parts on each end and a slider on rails
that were placed between the immobile parts of the rack. The slider
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When I started to work with the shape

could roll freely towards both sides. A

changing materials, it soon became

string and a weight that were attached

clear that I needed a reliable experi-

to it pulled it towards the lower side.

mental setup to be able to test their

Fabric samples were fastened between

behaviour on activation. I found a

the upper end and the slider and thus

model for such a test stand in the paper

pulled out vertically by the attached

Figure 22: The wooden version with a SMA
knitted sample.
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system to be able to disassemble the test stand for transport and work with samples
of different sizes.
The acrylic version was indeed more precise than the wooden one. However it turned
out that even slight imprecisions in the parts had a significant effect on the movability
of the slider. With a thickness of 20mm, the laser beam was distorted by the refraction of the material. Even though the material was placed in a 90-degree-angle to the
laser, the cutting edge came out slightly curved. The weight of the material that was
cut out of an opening also bent the cut before it fell out of the opening. These slight
deviations from a perfect cut were enough to make the slider still run uneven on both
side of the rails.
However, despite these minor issues, the test stand was useful to test the knitted
SMA samples for contraction. The problem that I faced was less the quality of the test
stand than the quality of the samples that did not deform equally between the edges
and the centre of a patch.

Figure 23: The acrylic version with integrated
scale and adjustable holders for the sample
rods.

weight. The test stand was thus set up to measure vertical contraction of the
samples.
I rebuilt the test stand more or less exactly like the model. For a first version, I used
wood, aluminium rods for the rails and ball bearings from a local electronics store
that were used as spare parts for 3D printers. This setup was suitable to test the basic dimensions and construction but too imprecise to work well. The major problem
was that the holes for the rails were slightly misplaced so that the slider could not
move freely without bending them or getting stuck.
For a second version, I used acrylic glass and the University’s laser cutter to get
more precise parts. I integrated a scale into the ground plate and used a plug-in
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With a focus on interaction design and electronic textiles, part of my work also
involved the design and production of the electronic circuits that I needed to make
my prototypes run. This included the development of the hardware circuit and
software code and, in some cases, the production of custom-made circuit boards. The
construction of electronic circuits can be regarded as a necessary skill set to explore
concepts as functioning prototypes. Most of the time, it is not design research in
itself, but a tool to conduct the research. As such, it is nonetheless worth documenting since it represents part of the interdisciplinary knowledge that is often taken for
granted and usually self-taught among design researchers.
Consequently, the techniques that I used for PCB etching are well established
among electrical engineers for single copy prototyping of home made circuit boards.
However, making PCBs involves practical skills and requires experience with the
material at hand. Without access to an electronic engineering lab, I had to build the
required infrastructure that I needed for the PCB production and test the well-known
methods with the available tools. This involved some experiments to etch conductive
textiles as a suitable substrate for flexible circuit boards. At the same time, I needed
to be pragmatic about the amount of time that I could invest into refining the etching
techniques, and often had to settle with pragmatic result instead of diving deeper
into the details.
PCB etching does not require extensive equipment: An etching bath and a UV exposure box, trays and tweezers, and chemicals for developing and etching the boards. The
chemicals lab at the University provided the appropriate environment for etching,
with ventilated cabinets, safe storage for the chemicals and emergency facilities in
case of accidents. Although etching is a relatively safe procedure, it is important to
stick to the safety regulations and wear the right protective clothing, including glasses and gloves.
Once the infrastructure was set up, the first thing I used it for were the electronics for
the data gloves. The piezo-resistive model has a quite straightforward circuit design
that was relatively easy to organize. The piezoelectric model in contrast needed more
complex components.
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Etching hard and soft
circuits
When producing a circuit, the layout for
the electrical connections is transferred
to the carrier substrate. There are different transfer methods such as UV exposure or toner transfer. In the etching
bath, the traces protect the copper layer
on the substrate from the etching agent
while the surrounding copper is removed. Only the masked layout remains on
the substrate.
The best established method to produce
a self-made PCB is on a hard substrate
Figure 1: The etching tank with etching agent
and a flex PCB in the ventilation cabinet at the
chemical lab of UB.

such as pressed paper and epoxy or fibreglass. Flexible circuit boards are more
complicated to work with but generally
provide the same possibilities as hard
circuit boards. Conductive fabric is an

Figure 3: Left: A flex PCB with printer paper
soaking water and after removing the paper.
Right: The heat transfer press and the PCB with
the toner mask in the etching tank.

unconventional substrate for PCBs and
less compatible with the established pro-

translucent film that is used for printing templates is more reliable.

duction methods for homemade boards.
The best tool to do the exposure is a UV exposure box. The circuit printout is fixed

The UV exposure method

with tape in one corner of the box so that the box’s edges can be used as a fence for
the circuit board. Depending on the material, an exposure of two to three minutes is
sufficient.

Commercial hard substrate boards can

Figure 2: Etching equipment: The tank with
heating, timer and air pump, clips for the circuit
boards, a thermometer, trays for rinsing and
plastic tweezers for handling the PCBs.

be purchased with a UV-sensitive layer.

After exposure, the exposed parts of the UV mask on the substrate need to be washed

The layer is covered by a foil that can

off in sodium hydroxide solution. The board should stay in the developing bath for

be peeled of right before the board gets

one to one and a half minutes; otherwise the UV mask might come off entirely. Then

exposed. For the exposure, one needs

the board is taken out of the sodium hydroxide and rinsed in water. The next step is

a good quality mirrored black and

the actual etching. After the etching, the board is put in to the UV box without a mask

white printout of the circuit layout on

and exposed on the entire surface. The remaining mask can then be developed and

a sheet of translucent printing paper.

washed off with water as well.

Transparent foil also works but the
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The toner transfer method
Sometimes it is not possible or practical to use the UV exposure method because not
all substrates can be purchased with a UV sensitive coating. In these cases, the toner
transfer method is a possible alternative.
For the toner transfer, the circuit layout is mirrored and printed with a laser printer
on paper with a smooth surface. Some practitioners recommend magazine or catalogue paper, but I got the best results with heavy quality glossy printing paper.
The transfer to the substrate is then done with heat and pressure. The copper surface
that the layout should be transferred to should be clean from dust and fingerprints,
otherwise the toner might not stick well. I found that the print transfer presses for
textiles worked very well to fuse the toner onto the copper boards. I put the substrate
with the layout printout on top (facing the copper) into the press for three minutes at
200°C to get a good and even transfer.

Figure 4: Accessories for the toner transfer
and paper masking: Toothbrushes and cotton
balls for removing the paper and the toner, and
masking media such as transparent nailpolish,
vaseline and water-resistant pens.

Afterwards, the board and paper are soaked in water until it is possible to gently peel
off the paper. Smaller lints can be carefully removed with a toothbrush. Before etching, the layout should be checked for gaps and missing parts. These can be masked
with a permanent marker. Most water-resistant pens are sufficient for additional masking. After the etching, the toner can be removed with acetone or a similar solvent
like nail polish remover.

Paper masks and alternative masking media
Conductive textiles such as copper taffeta can be used as a substrate for PCB etching
similar to conventional hard and flexible substrates. The material consists of fibres
with a thin copper layer around a synthetic fibre core. The material can also be soldered at low temperatures (around 200°C).
The treatment of the material however is a bit different from the standard PCB
substrates. I am not aware of reports that used the UV exposure or the toner transfer
method for conductive textiles. This does not mean that the two techniques do not

Figure 5: Top: Lasering the paper mask.
Centre: The lasered traces on ashesive label
paper.
Bottom: The mask with a layer of copper tafetta
in the middle.

work; however I knew about successful attempts to etch conductive copper taffeta
with masking media such as common nail polish or marker pens. I therefore took the
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Figure 6: Cleaning the etched soft circuit from
nailpolish in acetone.

Figure 8: Closeup of the etched traces which
were not sufficiently separated by the mask.

Figure 7: Soldering tests with copper tafetta and
conductive rip stop fabric from LessEMF.

Figure 9: A textile version of the four-finger
resistive glove circuit without and with silk
solder mask on top.
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masking with coatings as a starting point and tested it in combination with laser-cut
masks made from adhesive paper labels. With the laser cutting, I could make very
precise masks that only left gaps where I wanted to apply the nail polish. Copper
taffeta needs to be masked from both sides because it is not protected against the
etching agent like the hard or flexible circuit boards. I therefore made a paper mask
with two sides and put the copper taffeta in the middle.
The paper masking worked very well but the nail polish products that I tried were not
suitable to cover the fine traces that I wanted to etch. In some places the nail polish
was too viscous and did not cover the traces properly. Even if the masking was only
missing on one side, the copper traces were accidentally removed in these spots.
As a result, I managed to work with the technique but cannot recommend the masking materials. Another removable masking agent such as transparent spray paint
might yield better results.

The etching procedure
For the actual etching, a cuvette is set up with a thermometer, a heating and an air
pump and filled with sodium persulfate solution. The solution reacts best with the
copper at a temperature of around 45°C. The heating and thermometer are used to
heat up and monitor the solution, while the air pump moves the solution around
inside the etching tank.
The masked PCB is then inserted into the solution and should remain inside until all
copper surfaces around the traces have disappeared. For two-sided boards, a lamp
behind the etching tank helps to keep track of the progress. The time for etching depends on the quality of the etching solution – the more saturated, the longer it takes –
and the thickness of the copper layer and can take between five and 20 minutes. After
the etching is finished, the board should be rinsed in water.

Figure 10: The PCB for the BLE plug and play
circuit without and with ground pane, surrounded by SMD components and with the
components mounted.

A BLE plug and play circuit
To learn and test the etching procedure, I applied it to a design for a Bluetooth Low
Energy (BLE) module that I wanted to develop for the Arduino Lilypad. This module
was part of a project that I also initiated before my postdoctoral residency and that
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The BLE module that I designed was
simply a modified form factor of the BLE
shield developed by Michael Kroll (Kroll
2012). I took the commercially available
plug-and-play Bluetooth modules as a
model and reorganized the components
into a slim shape, matching the six-pin
header of the Lilypad. Even though
the further work with the platform
finally did not take a lot of space in my

Figure 12: Laser-cut parts of conductive fabric
and silk for the battery pouch.

residency, the module was a reasonably
complex and useful test case for the
circuit board production.

Developing the
electronics for the
data gloves
For the data gloves, I took the basic
principle that Hannah used in her work
on the gauntlet electronic bracelet.
The work on the electronic wristbands
for the gloves was at the same time a
Figure 11: The circuit diagram for the BLE plug
and play circuit, based on a design by Michael
Kroll.

learning process on how to construct a
soft circuit and how to make a flexible
PCB. In addition, I took the development
of the electronics as an opportunity to
develop a laser template for the battery

I intended to advance. In this project, we set up an iOS-based visual programming

pouch and to test some variations for the

environment for electronic textiles that allowed users with little or no programming

fastener of the wristbands.

experience to construct their own interactive garments and accessories (Design
Research Lab 2013). As a ready-to-use hardware platform for this application, we
also had a small batch of modified Lilypad microcontrollers produced that hosted a

Developing the battery pouch

BLE module. Since I only had a limited amount of these boards available, I was looking for a way to make the application work with any Lilypad board that could simply

Hannah’s idea of a textile pouch for

be purchased.

the rechargeable coin cell battery was
a huge improvement compared to the
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Figure 13: Preparing the pouch: Punching a hole
and soldering on the snap button

101

electronics

hard battery holders that are usually
used for the same purpose. I also wanted
to have a reusable template for the battery pouch that I could apply to other
projects.
There were three major issues with the
previous battery pouch: If the electronics did not run on the battery but

Figure 15: Performance test for fasteners

on the power from the external cable
during reprogramming and serial con-

together by hand. Depending on the

nection, the contacts in the pouch would

fastening mechanism, it is necessary to

produce a short cut. From the appearan-

connect the inner contact of the pouch

ce of the pouch, it was not immediately

before sewing on the top of the pouch.

clear how to place the battery inside.
And based on the experience with the
gauntlet, I also recognized that the tight

Fastening mechanisms

contact was crucial for the battery to
avoid voltage drops and thus causing the

In the gauntlet wristband, the faste-

microcontrollers to restart.

ner of the wristband was also an
electrical contact, held together by

My own template for the pouch thus

small strong magnets. These magnets

added a sign for the battery direction

were fixed on the PCB with tape, and

to the original design, as well as an

I was interested in trying to find other

insulating layer between the contacts

connection methods that might also

and a textile contact point to improve

provide a more reliable electrical

the contact surface for the negative

connection. I tried out conductive

pole. The different parts are laser-cut

Velcro, sew-on magnets and small

from silk, textile adhesive sheet and

snap buttons.

elastic conductive fabric. The pouch is
Figure 14: More steps for the battery pouch:
Ironing on the conductive fabric, punching holes
and sewing on the pouch and the other part of
the snap button
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assembled by first fusing the insulating

I made simple minimal circuits with

silk circle underneath the pouch, then

only a LED, a coin cell battery and

ironing on the inner contact on top of

traces made from copper tape to test

the flex PCB, and finally ironing on the

the three variations. As a carrier sub-

pouch onto the flex PCB with the adhe-

strate, I took laser printer transparent

sive ring. Then the edge of the pouch is

film because it was heat resistant

pierced and the pouch and PCB are sewn

enough not to melt when I soldered

Figure 16: Three variations for conductive
fasteners for the wristband: Conductive velcro,
neodymium magnets, and snapbuttons.
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Figure 18: The circuit for the piezoresistive glove
on a breadboard

Figure 17: The sewn circuit board for the first
sensor glove, attached on the inside of the
glove, with an ATTiny controller, battery and
serial connection pins

The piezo-resistive data glove
The electronic circuit for the piezo-resistive data gloves consisted of a resistor-capacitor networks for each sensor, an ATTiny84 microcontroller, a LED for basic feedback,

the electric contacts on top. The test bracelets were also useful to try out the

an on-off switch, a six-pin header for serial communication and a coin cell battery

battery pouch and to improve it further.

for power supply. I tested the stretch sensors in the gloves several times with the
multimeter to determine the average range between minimum and maximum strain

From the three alternatives, the snap button was most reliable and quite easy to

and calculated the resistor values for the RC networks accordingly. I then verified if

attach to the PCB by just soldering them onto the copper trace. The magnets were

the value range was sufficient by displaying the sensor readings in a graph visualisa-

second best, however more difficult to connect to because they lose their magnetic

tion. The electronics for the four-finger glove and the five-finger glove only differ in

strength when exposed to heat. Besides, the magnetic contact opened accidentally if I

the amount of RC networks for the sensors.

moved around the wrist too much. The surface of the conductive Velcro turned out to
be too small for a reliable contact and was also shakier than the other two.
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Figure 19: Test circuit for the piezoresistive glove
made from laser printer film and copper tape.

Figure 22: The four-finger piezoresistive glove
with the circuit wristband attached.

Figure 20: The wristband for the four-finger
glove.

The first version of a circuit is usually made with larger components on a prototyping
breadboard. This setup reduces the risk that there are unreliable connections in the
assembly. It is also very easy to change in case of errors. As an intermediary step
between the breadboard and a custom made PCB, I produced a flexible version of the
circuit with laser printer transparent film and copper tape. With the transparent film,
I could simply print out the layout and use it as a template to tape the copper traces
on top. This setup was quite sensitive but close enough to the final setup to help me
recognize problems and errors before the actual etching process. The pre-version of
Figure 21: The circuit diagram for the four-finger
sensor glove wristband.

the etched board was important since the ATTinys in general and the SMD (surfacemounted) versions in particular are less convenient to program than the standard
Arduino controllers, and the etched circuit board does not allow for extensive
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Figure 23: The five-finger circuit wristband with
soldermask, back and front of the PCB.

Figure 24: Closeup of the lasered silk soldermask with footprints for the controller IC,
resistors and snap buttons

Figure 25: Closeups of the 6-pin header for serial
connection, the switch, LED, controller and
snap buttons on the PCB.
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Figure 26: The five-finger piezoresistive sensor
glove with the circuit wristband attached in
open and closed state.
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Figure 28: Circuit diagram for the piezo-electric
glove based on a template from Anja.

Figure 27: The amplifier circuit and microcontroller for the piezo-electric sensor glove on the
breadboard.

modifications to the circuit. If there is thus a wrong connection that disturbs the
reprogramming, the microcontroller cannot easily be removed from the assembly.
For the final PCBs, I followed Hannah’s model and made a laser-cut soldering mask
to cover the copper traces. The soldering mask leaves only cut-outs for the footprint
of the electrical components. It consists of silk with a layer of iron textile glue sheet
underneath and can be fused onto the PCB with an iron or a heat press.
In the four-finger version, I used magnets as contacts and fasteners between the
two ends of the electronic wristband. The magnets served as an on-off switch and
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Figure 29: A textile and flex PCB circuit of the
piezo-electric glove wristband.
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Figure 30: The PCB with silk soldermask ironed
on and components attached.

fastener at once and also helped to keep the coin cell battery in place. To be safe, I
inserted another on-off switch if the fastener was too unreliable to use. I stitched on
the magnets with conductive thread to have a stable connection.
However it turned out that the magnetic connection would open up accidentally
too many times, so I changed the fastener to a snap button for the five-finger PCB
versions.

Figure 31: The piezo-electric glove with the
wristband attached.

The piezo-electric data glove
The electronics for the piezoelectric sensor glove are more extensive, since the electric signal from the fibre is very small. To be able to read it with an ATTiny microcontroller, it needs an amplifier circuit. I used an SMD version of the amplifier that
Anja had applied before to demonstrate the sensor fibre, an LMC-660 with four input
possibilities. Anja also provided the circuit diagram for the resistors that determine
the amplification level. I added a three-colour LED to the assembly to have a more
differentiated output on the hardware level. The rest of the circuit corresponds largely to that of the piezo-resistive glove, with an ATTiny84, an on-off-switch, a six-pin

Figure 32: Closeup of the amplifier IC and resistors and the microcontroller.

header for serial communication and a coin cell battery.
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With the design of this PCB, I struggled
with the limitations of the layout program that I was using, Eagle. Eagle offers a freeware version of their software
that limits the work space for the circuit
layout to a surface of 100 on 80 mm.
This is enough for most circuit boards
because the components are usually
densely packed with very little space
between them.
For textile electronics, the situation is
Figure 33: First version of the power averager
circuit on a PCB

somewhat different, especially if the
electronics are an integral aesthetic part
of the assembly. The wristbands, for
instance, were at least 220mm wide, so

Figure 36: Circuit diagram based on a sketch
from Jussi Mikkonen made for review and
layouting

that not all components fitted into the
confined space that I had to work with. I

make the wristband for the piezoelectric glove much wider than for the piezo-resis-

therefore had to make a very condensed

tive model. I also had to push the contacts to the sensors further outside, which then

layout in Eagle, export it, and arrange

affected the knitting design.

the components as desired in Adobe
Illustrator. This transfer eventually led
Figure 34: First version with ground pane

Developing the electronics for the textile robots

to errors in the PCB that I only recognized later. Because of the complexity,

The purpose of the electronic circuits for the textile robots was to control the actua-

I went directly from the breadboard

tion of different outputs, while textile sensing did not play a role. In my case, I fo-

version of the circuit to the etched board

cused on a few simple possibilities to control the current flow to the resistive heating

because the circuit was simply a bit too

elements in the textile muscles, i.e. the Nitinol wires and conductive polymer coils.

complicated to reproduce with copper tape. However, especially for this

Current control for heating elements is tricky and potentially dangerous if an untrai-

complicated assembly, the intermediary

ned person sets up the control elements and code. Heat elements that overheat can

version would have helped to track the

cause textile materials to burn. While it is usually convenient to just shortcut a heat

errors in the circuit layout.

element in the testing phase and observe the effect, a demonstration prototype needs
a safer, more robust and mobile circuit.

Placing two rather large SMD integrated
Figure 35: Second version with two layers and
more breakout pins for sewing
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circuit components on the layout, and

When a resistive heating element is connected to a power source, it draws current in

making sure that they were in the centre

proportion to the voltage applied – hence the higher the voltage, the higher the

of the back of the hand, forced me to

current. Consequently, if one wants to work with a particular voltage but constrain
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Figure 37: Assembled version of the power
averager by Jussi Mikkonen with necessary
modifications in the circuit.

the current, the output to the heating

Figure 39: Top: The custom made Arduino shield
with MOSFETs for heat control, here
attached to the textile robot.

Figure 40: Bottom: The circuit diagram and an
etchable version of the shield.

element needs to be limited. This can
be done with transistors – semiconductor components that can act as digital

be able to determine the resistivity of

switches.

the heating element automatically, and
control the current through the element

Power averaging circuit

accordingly. The supply voltage should
also be flexible, since a particular design
might work with batteries of different

Figure 38: PCB and some of the used SMD
components.

In a previous project at UdK with Jussi

kinds. In sum, e-textile designers should

Mikkonen, a lecturer at Aalto ARTS,

be able to use the component without

we came up with the idea to produce

worrying too much about the technical

an electronic component that makes

specifications of the electronics. Since

it easy for e-textile designers to use

the SMAs also react to temperature, it

heat elements in their projects. Such a

could even be used for controlling textile

component should be simple enough

muscles.

so that designers did not need to worry
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about the specifications of their heating

Jussi designed a circuit with an

elements and could just insert the

ATTiny85 as a small control unit, a cur-

component to control heating threads of

rent measuring circuit and a MOSFET

different lengths. The circuit should thus

for power control. I had started before
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to make a layout for his schematic, and it was convenient to etch a copy for further

need someone to practice and pass them on if one wants to avoid that the practical

prototyping in one of my etching sessions. I treated the power averaging circuit as a

knowledge just disappears with the practitioners.

good test case to figure out the settings for the UV exposure and development. We
took the PCB as a basis for further development regarding the electronics and form

I suggest treating the practice of PCB production as a useful and central skill in e-tex-

factor. The final design and documentation of the component will be made available

tile design because it opens up such great possibilities: To be able to control the form

under a Creative Commons licence on the Interactex web site.

factor of conventional components in an e-textile object and, more generally, to explore new ways of how to accommodate standard electronics with textiles. Standard

Heat control shield

electronics are still foreign and often unsuitable to be used with textiles: They have
hard and pointed edges, bulky components on the surface, and the contacts are often
too narrow to sew them conveniently. With a few simple changes, a hard substrate

To demonstrate the performance of the cylinder-shaped textile robot, I needed a

PCB can however be easily modified for the integration with fabrics.

simple control circuit with which I could address several parallel outputs at once.
I therefore constructed a basic heat control shield for an Arduino microcontroller

Learning PCB production also opens up for using other substrate materials that

board using the same MOSFET components that Jussi had applied for his power

are more suitable for e-textiles in the first place, such as the flex PCB substrate or

averaging circuit. This shield basically connects six analog output pins with from

conductive textiles. At the same time, these substrates are also much more sensitive

the Arduino to the control pins of the MOSFETs. There is an outlet for an external

against mechanical stress and hence riskier to use. Extensive movement and bending

switchable power supply that provides a range of fixed voltage levels from 3 to 12V. A

can damage the soldering joints or lead to voltage drops. There are issues to consider

seven-pin header connects the output from the MOSFETs to the heating elements in

when designing PCBs that textile and interaction designers are not necessarily aware

the textile robot.

of, and these issues as well require a solid knowledge of the material properties.

This basic setup was sufficient to test different activation patterns on the cylindrical

The design of flex PCBs from an e-textile design point of view thus follows diffe-

textile robot with an equally basic code structure in Arduino. For the first version,

rent rules and recommendations than from an electrical engineering point of view.

I used a readymade shield to place the components and connections. I also made a

Miniaturization is not always most important; formal-aesthetic considerations might

layout for a custom made shield but did not have the time to etch it.

have more weight than electrical properties; and mechanical stress – that is often

Insights from building textile electronics

insignificant for well-protected standard PCBs – is a central issue.

In working with etching and electronic circuit boards, my main concern was to produce the circuits I needed for my project, in a shape that I found most appropriate.
I did not focus on the further development of the techniques to produce the circuits
but wanted to implement them in my own working environment.
While I was teaching myself how to make circuit boards, I faced the fact that such
well-known and often-used techniques involve a whole lot of local practical knowledge. For example, even if there are many similar descriptions of the toner transfer masking method, it is very unlikely that they immediately work when tried for the first
time. This seems like an obvious statement, but it also implies that such techniques

118

119

TEXTILE
ROBOTS

The interest in textile robots was the second commonality that the postdoctoral
researchers developed in the project. It emerged from the desire to have a common
research topic that was largely new and unexplored for all involved parties. In this
aspect, our work on soft robots and textile muscles represents a large contrast to the
much more grounded and applied approach that we first took with the sensor gloves,
in that it was much more visionary, unconventional and risky.
The research on textile robots also fitted the interdisciplinarity of the group. Anja
and I were working in the area of textile technology and design, she as an expert on
polymer fibres, and I with a huge interest in applying textile production techniques
to build electronic actuators. What started as a spontaneous idea then became a
serious research topic when we began to dive deeper into the details of how to make
textiles move: Gauss investigated the state of the art in soft robotics, Anja introduced
me to polymer actuators, and I explored weaving and knitting as ways to construct
the textile muscles. Charlie and Waseem, who joined the project some months later,
contributed to the understanding of polymer by investigating the material on a molecular level and modelling its behaviour.
The particular combination of textile production with soft robotics turned out to be
rather unusual. Normally, the technique to build a robot is chosen according to the
morphology and dimension, since the most important goal is to be able to test the
movement patterns of the robot. This approach is very reasonable since it is difficult
enough to build a soft robot in the first place, so roboticists use whatever works best.
In this aspect, our approach was inversed, so that the choice of technique imposed
some particular constraints on possible robot morphologies and movement patterns:
The soft muscles would most likely be flat, just like the whole robot; the production
equipment constrained the size and proportions of the models; the materials we
used – SMAs and polymers – were activated by heat and therefore had a relatively
long response time; and we knew nothing about the possible strength of the textile
muscles, which most probably were much weaker than motors. The entire idea of a
textile robot depended on the fact that it had to work with textile muscles, and thus
the properties of those muscles dictated the ground rules for possible textile robot
morphologies.
This stubbornness to stick with an exotic – and potentially unsuitable – material thus
introduced a different perspective to think about soft robots. This strategy is not the
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most efficient to produce quick results, since it involves a lot of trials and even more

This alternative approach and attempts to define distinctively different shapes

errors. What it offers is a highly interdisciplinary and innovative approach to the

for robots already exists in robotics. Simulating evolutionary developments with

topic and the potential to contribute to cutting edge research in all involved domains.

alternative robot morphologies helps to vary the number of actuator elements, their
distribution and behaviour (Hiller & Lipson 2012; Lipson et al. 2006). The results

In this section, I briefly talk about the state of the art in soft robotics and introduce

might thus be fully working robots that can move around but do not resemble any

our own material-driven, non-mimetic approach. Then I explain the design and

existing animal.

construction process in more detail, starting from the issues around using heat as
an activation trigger, and continuing with the detailed description of the different
approaches to weave textile muscles. I will conclude with the insights that I gained

Existing approaches

during the process.

Soft robot morphologies

In my initial research, I focused on soft robots that use SMA wire as actuators, since I
wanted to develop a sense of how robot actuators were constructed and the way that
SMA was used for this purpose. The use of SMAs in soft robotics is attractive because

Research on soft robotics is a relatively recent development in robotics, which is

they are very small and lightweight in proportion to their force and can thus replace

mostly based on hard skeletons with joints between stiff parts that could move at dif-

bigger and bulkier components.

ferent degrees of freedom, or wheels to move around. While these traditional robots
often mimick the basic movement of vertebrates, soft robotics focuses on morpholo-

The majority of examples that I came across in my brief literature review were in

gies that work without skeletal structures, such as worms or octopods. To construct

fact modelled from animals of different complexity: From snakes (Yuk et al. 2011)

soft robots, new materials and actuation techniques have become important: For

and caterpillars (Umedachi et al. 2013; Lin et al. 2011; Trimmer et al. 2006), to

the body, silicone or foam can be used; pneumatic structures or SMAs are applied to

worms (Koh & Cho 2013; Seok et al. 2013), fish (Valdivia y Alvarado & Youcef-

move the limbs.

Toumi 2015), octopods (Laschi et al. 2012) and starfish (Mao et al. 2014). I found
considerably fewer examples for robot morphologies that were genuinely different

It seems that understanding and reproducing existing effective movement patterns is

from those biological role models. While some still borrowed principles and shapes

a more common approach in soft robotics than investigating genuinely new shapes.

from nature (Shepherd et al. 2011), others seemed to be derived from other, more

A lot of soft robots are thus modelled from nature – they use animals as role models

abstract movement principles (Sugiyama & Hirai 2006; Lee et al. 2013) or dealt more

and recreate their morphology and movement pattern. This is pragmatic because it

explicitly with the challenges to make SMA and soft substrate move well together

is challenging enough to rebuild an animal and compute its movements. But it also

(Coelho et al. 2008; Sreekumar et al. 2007). Even though textiles might take this role

constraints the vision of what robots could look like to that which already exists in

as soft substrates, textile production with SMAs has usually not been applied in robot

nature.

construction so far.

At the same time, the materials and techniques used for robots are not the same as
the bodies of living animals. In the best case, they can mimic the natural structures

The worm

well enough to copy their behaviour. However, there might be more suitable morphologies and movement patterns for these particular materials, shapes that can only be

Seok, Onal and Cho’s meshworm was one of the first examples that Gauss came

considered if we leave the natural role models aside for a moment.

across and shared with me. When I continued my experiments with knitting the
SMA, I also made deformable knitted tubes to be able to shape set the material into
a contracted shape. This approach was generally compatible with the design of a
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worm-shaped soft robot, because it allowed me to create active segments and passive

The cylinder

parts between them.
The first model that I built with SMA
The worm shape thus served as an inspiration and a possible shape that I could try

and that resembled a moving structure

with the knitted SMA actuators. Even if the shape as such was not new, it was an in-

was a cylinder shape with SMA wires

teresting challenge to implement the worm robot with textile production techniques.

stitched on to the inside. The first

The original mesh worm, like most other robot models, applied the SMA to a soft

shape had six separated actuators,

surface – in this case a braided textile tube – but does not integrate it with the textile

out of which each element overlapped

structure. The substrate of the robot is thus arbitrary, it could as well be a plastic

with the next two by a third. Each SMA

tube. I wanted to give the textile technique and structure a more substantial role, and

wire formed a zigzag shape that left

the mesh worm morphology seemed to be a good starting point for this. However,

space for another actuator to partly

because I was finally not successful in knitting a well-working SMA actuator, we

overlap.

left further attempts to recreate the worm morphology aside and looked into other
alternatives.

I came up with this overlapping structure so that the other actuators could

Alternatives

Figure 1: Very simple textile flap with a strand
of SMA wire stitched to a piece of fabric.

bend back an actuator after it was activated and straightened out the textile
substrate. Therefore it was necessary

There is a reason why alternative morphologies in soft robotics are not very wide-

to arrange the SMA wires in a relatively

spread at the moment: Investigating such alternatives is highly iterative and time-

dense structure on the surface, which

consuming since both the physical setup and the movement pattern are subject to

became quite stiff as a result. On activa-

change. They have to be modelled and varied at once to match; unlike in the biologi-

tion, each SMA segment therefore not

cal models, the parameters for the shape, the kind and distribution of actuators and

only had to move itself, but also two

material have to be set and simulated. Successful simulations need to be tested in

other passive wires next to it.

actual models. All of this comes with a lot of trial and error and computation time.
The shape was inspired by the first worIn our case, we were dealing with a lot of unknown variables. The shape and actua-

king experiments that I made with the

tion pattern for the textile muscles still had to be developed. The morphology of

SMA on woven fabric. These textile flaps

a textile robot depended on the size and shape of those muscles, and their exact

were the first samples that actually mo-

properties. At the same time, the morphology also served as inspiration on how to

ved the fabric, if the SMA was stitched

construct the textile muscles in the first place. We did not have any quantifiable data

on to it in a dense meandering pattern.

for most of those variables, which in an ideal case would be known and well descri-

The round shape of the cylinder should

bed. Not knowing what would work, Gauss and I went back and forth between the

serve as the mechanical counterforce

experiments with the woven actuators and possible morphologies that could be built

to the straightening SMA segments: If

with it.

the segments overlapped, then it was

Figure 2: Sketches about possible configurations for SMA actuators and shapes on the
textile.

possible to bend and tilt the cylinder
in different directions depending on
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the combination of segments that were
straightening at the same time.
The first cylinder model served as a
three-dimensional sketch to test and
communicate my assumptions. Gauss
took this setup as a starting point to
model a similar distribution and spatial
setup in a simulation software he found
for soft robots. As he pointed out, the
problem with the model was that it
lacked momentum: It deformed but
could not shift its centre of gravity. Such
a shift was necessary for the model to
move forward. A simulation and evoluFigure 3: Paper test for an actuator configuration in a cylinder shape.

tion of the parameters should thus serve
to find a better distribution of actuators
and weight on a cylindrical shape.

Figure 5: The second version of the cylindershaped textile robot with less wire and less
thermochromic pigment for a lighter structure.

Besides these general concerns, the first
model also displayed some practical
issues in the construction of the robot.

second model more lightweight so that it also showed more from the SMAs. Based

There were too many and too heavy and

on these two models, I continued to work on a textile muscle structure while Gauss

stiff cable connections in the first model.

continued with the simulation of more efficient alternatives. Finally one model with

These cables influenced and restricted

a similar but less symmetrical actuator distribution resulted from these simulations.

the movement. I also added thermo-

I took this model as a template for a woven version of the textile robot (see section

chromic pigment to the entire shape as a

”The textile robot model” in this chapter).

visual indicator for the SMA heat actuation, which made it even a bit stiffer
Figure 4: First version of a cylinder-shaped
textile robot. The pink colour is thermochromic
and disappears when the SMA wires heat up.

than it was before.

The flat cloth

I addressed some of these problems in a

While I was experimenting with the SMAs, Gauss was already testing alternative

second small model, where I also slight-

morphologies that we could discuss for feasibility. One variation for a soft – and more

ly changed the setup for the actuators. I

importantly, flat – robot was a flat squared shape with two actuators on opposing si-

reduced the cabling and the amount of

des. According to Gauss, two actuators was the most reduced setup that was possible

thermochromic indicator on the surface.

to move such a shape forward.

These measures helped to make the
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Using heat for actuation
Both the shape memory alloy and the polymer coils are activated with heat. I thus
needed to find a convenient and safe way to make the actuation elements in the textile structure heat up electrically. The basic principle to produce heat with electricity
is resistive heating, by simply connecting a resistive element to a certain voltage. This
electrically produced heat, however, is not trivial to calculate without a solid background in thermodynamics. For the custom-made heating elements that I constructed, I was also partly missing the parameters that are necessary to do such a calculation correctly. It was not clear how much current was needed to heat up a heating
element made from a particular material in the desired amount of time. Therefore I
could only guess and try out how much voltage and current I needed to heat up the
SMAs and coils to their activation temperature, which was around 70°C.
Heat circuits also do not only need an appropriate circuit, power supply and proFigure 6: Sketches for possible configurations
for actuators on a flat cloth robot.

gramming to control it well, but also a well-working heating element with good connections. For all textile electronics, it is important that the textile and the conventional part of the circuit are well connected. With different conductive materials in the
same assembly and a lot of mechanical connections, the quality of the textile circuit
is already an issue without heat, but it becomes critical when working with heat. Bad

This variation however could only move if the two actuators were oscillating between

connections are more resistive and produce more heat than the surrounding mate-

a relaxed and contracted state in a comparatively high frequency. Based on my expe-

rial, which is an undesirable and dangerous effect since it can cause the surrounding

rience with the combination of SMA and fabric, I had doubts that we could achieve

textile to overheat and burn.

such a high frequency. Since the wires are activated with heat and attached to the
fabric, the heat does not dissipate quickly enough. In addition, for a high oscillation

The problem with overheating becomes more critical because it often only shows

rate, the exact transition temperature, amount of current to achieve this temperature,

when it is almost too late – that is, when the material starts to smoulder. Perceiving

and even heat dissipation would have been necessary. All of these parameters could

heat requires either skin contact or another sensitive device such as an IR camera, a

possibly be fixed, but it would have taken a long time and it was not easy.

temperature sensor or thermochromic indicator. These have to be added on top of the
actual actuation circuit.

I therefore kept the oscillating flat cloth in mind as a possible approach, and espe-
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cially as a morphology that was very suitable to be translated to textiles. However, I

In this section, I report my experiences with the resistive heating of the different ma-

did not make an attempt to rebuild it and to match the parameters that Gauss found

terials I used, the design of the textile heating elements, the thermochromic indicator

out for this particular morphology. The approach thus also served as an inspiration

and the IR camera that I used for visual feedback, and the practical issues around the

but not an actual role model in the subsequent experiments on the material level.

electric connections in the textile heat elements.
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issues with the connection to other materials, such as the copper connection to the
heating element, but also required a much higher current supply. Because of the
relatively high temperature, the current needed sometimes exceeded the limits of the
laboratory power supply.
In comparison, the SMA also had relatively high power consumption but was much
more within the limits of the lab equipment. The conductive polymer also reacted
surprisingly well to the current and produced the necessary amount of heat for activation. In case of the polymers, the resistive heating with the lab power supply could
however damage the polymer coils if they were connected to it directly. Apparently,
the resistivity between the contact probes and the silver coating on the fibres was so
high that the resistive heating in some cases burned the thin conductive layer on the
surface. This was however not an issue when I tested the conductive coils in a woven
Figure 7: Bekinox stainless steel filament
heating thread on a spool in a weaving shuttle.

Resistive heating

sample with copper thread connections.

Integrating heating yarns
Since resistive heating is only possible with conductive materials, I needed external

Resistive heating of conductive fibres with electricity works according to the propor-

heat sources to activate the patches with the non-conductive polymer coils. For these

tion of resistance, voltage and current. Without further regulation of the current, a

samples, I used the Bekinox steel thread and combined it with the polymer coils in a

resistive element thus draws the amount of current that is proportional to the voltage

woven structure. I therefore had to find out how densely I needed to put in the steel

that it is exposed to. The amount of heat that this produces depends on the amount

thread between the coils, how the heat dissipated in the material, and how to conve-

of current used, but also on the quality of the conductive material. Not all conductive

niently connect the steel thread with the woven power connections.

materials work equally well as heat elements, since their thermoelectric properties
vary.

In fact, the connections and material combination turned out to be the most serious
issue when working with the heating thread. The material is very conductive and at

I used resistive heating on three materials: The SMA wire, the conductive poly-

the same time has different thermoelectric properties than the copper thread that I

mer filament from Statex, and a steel fibre heating thread for the non-conductive

used for the connection. In this case, the connections were the most resistive spots

polymers from Bekinox. The Bekinox material is especially produced to be used as a

and thus heated up significantly more than the rest. Also, the copper connections

heating element; for the SMA, resistive heating is the most common way to activate

were much denser and exposed to more current on a much smaller surface than

it; and the resistive heating on the Statex was convenient to heat up the polymer coils

the steel thread, which created a mismatch between the temperatures that both

directly, similar to the SMA.

parts produced. Integrating the heating yarn was thus connected with a number
of problems to solve so that I could even test the contraction of the non-conductive

It turned out that the heating yarn was the most difficult to work with in conjunction

polymers.

with the textile structure. The steel fibres are a very powerful heating element that
has a low resistivity and therefore draws a lot of current. This did not only produce
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Thermochromic indicator thread
For a simple visual feedback in the
woven samples, I added thermochromic
yarns as indicators for the activation.
It was not clear if in all cases the coils
would show a visible reaction to the heating, and if the heating elements were
able to reach the desired temperature
with the amount of current that I applied. The thermochromic threads could
not resolve all these issues but at least
indicate clearly if the sample was indeed
heating up properly and evenly.
In addition, the thermochromic colour
change in textiles is a very intriguing
and visually interesting visual effect,
regardless of its indicator function.
Since I was also interested in the formalaesthetic consequences of my design
considerations from a textile design
point of view, I took the opportunity to
work on the heat elements as a chance
to investigate the blending with thermochromic threads as well.
Marjan Kooroshnia, a colleague who
experimented extensively with thermo-

Figure 9: Testing the heating elements. Top:
UV image. Centre: Photo. Bottom: Overlay of
both. Bekinox thread sample in the left column,
conductive polymer sample in the right one.

chromic pigments, provided some

Figure 8: Different thermochromic yarns. Top:
Marjan Korooshnia’s samples. Centre: Three
differently coloured cotton yarns soaked in magenta thermochromic pigment. Bottom: Spools
with yarn prepared for weaving.
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samples for my first try-outs and helped

In order to have a similar quality yarn of the thermochromic thread like the one I

me to dye some more thread for the next

used for the weft, I dyed some of the coloured cotton material from the weaving

iterations. The first samples that Marjan

workshop with magenta thermochromic pigment. This particular pigment changed

gave me were results from her own ex-

colour at around 47°C, which was the highest temperature for a colour change that

periments, short strands of a thick and

was available at the printing workshop. After fixing the thread and washing out the

rather heavy thread.

surplus dye, the colour from the threads blended with the magenta pigment.
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Working with the infrared camera
To determine the requirements and behaviour of the heating elements more accurately, the thermochromic indicator was not precise enough. Since I also was not
able to do a proper calculation for the necessary current for each material – these
properties were simply not known for the SMA and the Statex conductive polymer – I
needed another feedback mechanism to determine the necessary current by trying it
out.
There is an infrared camera available at the polymer lab, and I could borrow it and
monitor my samples visually. I thus used the camera to determine the voltage levels
that I needed to heat up the samples in a reasonable amount of time until I reached
the threshold temperature of 70°C. The camera image also revealed differences in
temperature change in different parts of the samples, revealing possible problems
with bad mechanical joints and overheating before they actually occurred.

Figure 10: Closeup of Statex conductive polymer
coils, directly connected to the copper warp
thread, and thermochromic indicator thread
(green).

the Statex conductive polymer was surWith the visual feedback, it became immediately obvious what was working and

prisingly easy and with a good and even

what was not: The mechanical connections of the Bekinox material with the copper

heat dissipation both within the sample

thread connections were prone to overheat enormously, because the steel threads

and on the power connections. The

draw such a high amount of current even at low voltage levels. The resistive heating

material has a relatively high resistivity,

and heat distribution in the conductive Statex coils worked actually much better than

draws less current and needs longer to

expected. and did not cause the same damages on the material as in the resistive

heat up but then visibly deforms with

heating of a single coil. Similarly, the resistive heating of the SMA samples worked
well and without further problems, and the ratings for voltage and current remained
in a manageable range.

the temperature change.
Figure 11: Bekinox heating thread makes insufficient mechanical contact to the warp threads.

The Bekinox thread reacted quickly and
efficiently to the voltage since it was especially produced as a heating element.

Connecting the heat elements

Therefore the quality of the joints to the
power supply lines are much more cri-

The try-outs with the resistive heating and the IR camera revealed issues with the

tical. Their resistive heating behaviour

joints between the heat elements and the copper threads used as electrical con-

should ideally match with the heating

nections. It also turned out that I needed to experiment with the proportion of the

elements.

connection threads and the heating threads for the Bekinox steel fibres because the
With the copper threads in the warp,

materials heated up so radically differently.
The problems with the joints did not occur for all samples though, based on the different electrical properties of the conductive materials. The resistive heating with
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Figure 12: A paper test for soldered connections
for the Bekinox thread seen through the UV
camera.

this was however not the the case. I
therefore produced a number of samples
of the number and distribution of
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threads and the kind of joint – mechanical contact or solder joint – and taped the
threads to a piece of paper. The setup should emulate the configuration in the woven
samples without the need to weave all of them first.
From these try-outs, it turned out that it was not obvious how to find a good balance
between the amount of heating threads that were put in parallel and the amount of
necessary copper threads in the warp that served as connections to the power supply.
The different density in which the threads were arranged remained problematic
because I did not want to put in a large number of connections and split up the power
supply for the heating threads too extensively. Even with soldered connections,
which reduced the risk of the sample to overheat on the joints, these spots remained
the ones that heated up quicker and developed a higher temperature than the rest.
Constructing well-working textile heating elements thus turned out to be a challenge
in itself. In addition to the technical issues, these heating elements were only necessary for the non-conductive polymer coils. In contrast to the conductive polymers,
the monofilament of these coils was much finer, and the actuation effect from the
heat was not obvious at all. While it is generally possible to combine the polymer coils
with the heating elements, the other materials reacted more promptly and reliably.
To create a functioning textile sample with these polymers, however, other issues
have to be solved in parallel, such as the tension of the coils in the weaving pattern,
and the general effect they can have on the surrounding structure.

Weaving patterns with shape changing
materials
After my attempts to use knitted structures to create textile muscles were not overwhelming, I turned to weaving as an alternative and more established technique to
integrate shape changing materials into fabric. My intention was the same as for the
knitting: To find out how the textile structure can act as a mechanical counterforce to
the shape-changing materials, so that both combined create a two-way shape actuator or textile “muscle”.
Unlike knitting, I did not have any prior experience with weaving before I started
working on the project. I took a basic course in weaving in parallel to my experiments
with knitting so that I had the general possibility to vary between the two techniques.

Figure 13: Weaving samples with SMA (top), conductive and non-conductive polymers (all other)
with resistive and external heating elements

In this course, I learned the basic weaves and their variations and made some first
experiences with a dobby loom.
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For the construction of a more complex and irregular weave structure, however,
Jacquard weaving offers much more freedom and control. There is a Jacquard hand
loom in the weaving lab, an AVL model, that is connected to a computer to control
the lifting of the warp threads, while the weft is inserted by hand. This combination
of hand work and automation was ideal for my purposes, because I could insert the
rare and precious shape shifting materials manually where I needed them to be, both
in warp and weft direction.
Programming a Jacquard pattern is also more complex than setting up a pattern on
the dobby loom. Different weaves can be assigned to different colours in a pattern
design. The software also supports and facilitates the setup of multi-layered patterns.
I thus learned to use the software, the loom and weaving as a technique at once while
I was trying to find weaves that could act as mechanical springs.

Basic samples with SMA and polymer coils

Figure 14: Conductive and non-conductive polymer coils in the weave: Two qualities of Statex
monofilament and two kinds of fishing line

I started out with a series of very basic one-layer plain weave samples to understand

a small rack for the spools from a piece

how the Jacquard design program works. This weave was intended for the SMA, to

of acrylic glass and some large screws.

see how the wires blend in with a woven structure and how well they deform it on

To prevent the thread from falling off the

activation. The main feature in this first series was the selective distribution of the

spools, I put a cut-off finger from a rub-

material across the textile: I assigned four segments for the four different qualities of

ber glove on top, and added small metal

SMA that I had available (straight annealed Nitinol in 0.175 and 0.2mm thickness and

hooks as weights to create the necessary
tension for the warp threads. On the

Muscle Wire in 0.15 and 0.2mm thickness). The basic colour was floating underneath
the cloth where I inserted the SMAs so that the overall height of the weave remained
levelled.
In a similar manner, I made a first set of samples with the four polymer coil types that

Figure 15: Muscle wire woven in and forming
loops on the edges where the wire changes
direction

samples, the conductive warp threads
run on both sides of the shape changing
material and make mechanical contact
with the steel threads in weft direction.

I prepared (Shieldex 600 and 400, two kinds of fishing line with 0.2 and 0.1mm diameter) and the Bekinox heating fibres. I let the heating threads float underneath the

Between the conductive coils and heat

basic cloth between the four repeats so that I could cut and activate them separately

elements, I inserted the thermochromic

later on.

indicator threads. In this first series,
the coils and the heating elements are
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I also used these samples to try out how to put conductive threads into the warp. It is

separated by up to seven weft threads,

another advantage of the Jacquard hand loom that additional warp threads can be

because I did not have any prior expe-

inserted manually on top of the regular warp threads, and fixed on to the cloth with

rience on how strong the heating effect

pins. I therefore wound a dozen spools with conductive copper thread and improvised

would be, and only a limited amount of
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polymer coils prepared. It quickly showed that the distance between the coils
and the heating elements was way too
big and that the entire structure should
be as dense as possible.
In a variation of this design, I used the
copper warp threads to connect directly
to the Statex conductive polymer coils.
These coils are much thicker than the
non-conductive ones, and the effect of
the actuation is much more obvious
and visible without a sophisticated test
stand. Since in these patches, I heated
the coils directly with the current, I
could observe the reaction within the
woven structure: The coils usually react
to temperature by both contracting and
trying to wind up. In a test stand, the
winding motion is either restricted or
irrelevant, if only a single coil is tested.
In the fabric, the winding had a much
bigger effect than the contraction, which
was barely visible. In contrast, the winding made the cloth roll up in horizontal
direction to a degree where it was not

Figure 17: A second set of samples with nonconductive polymer coils and heating thread in
a very dense two-layer structure, with (left) and
without (right) thermochromic thread.

possible to flatten the cloth afterwards.
As for the SMA, the meandering strucFigure 16: The improvised spool rack with copper
thread spools that make up the conductive warp
threads.

ture held the material well in place on
a horizontal level but could not prevent
it from slipping out in vertical direc-

cent when actuated) almost disappear because the SMA only slipped in and out of

tion. Since I did not cut the material

the warp where it was bent, but did not take the surrounding structure with it. The

after every weft, the SMA is bent into a

straight annealed Nitinol performed better in that the woven patches acted similarly

curve on the edges. For the Muscle Wire,

to the stitched samples that I made before but were much softer and homogeneous

this curve made its shrinking effect

than the stitched versions.

(the material becomes shorter by 6 per
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Refining the samples
After the first round of samples, I
realized that the coils needed to be
much denser to each other and to the
heating threads to have any effect. In the
second iteration, I created a pattern in
which the coils were as densely packed
as possible, only with the heating yarn
between the coils, and another sample
where the coils alternated with the
thermochromic threads. I introduced an
additional layer for the coils and heating
threads on top of a basic layer. The reason to do this was to have a better and
more controlled access to the heating

Figure 19: Screenshot of the weaving pattern for
the three-layer test structure in ScotWeave.

threads. I designed the samples in a way
to leave long floats of the steel thread
next to the coils so that I could conveniently bundle them afterwards for

test the contraction effect in a woven structure than in a neatly fixed test stand. The

actuation and testing.

woven structure did not provide the stability that the coils had in a test stand, where
the top is usually fixed and the bottom charged with a weight. Moreover, it was not

Figure 18: The multiple layers of a weave show
on the edge of the cloth.

Anja took this sample to test if there

clear if all coils contracted with the same amount and in the same direction, or if they

would be any contraction when the coils

were all inserted into the woven structure with the same amount of tension.

were heated. Since I could not really
make out any changes by just activating
it on the table, she put it into the test

Multilayer weaves

stand and applied heat both with the
conductive threads and a heat gun. But

It remained difficult to make the polymer coils contract in a woven structure. At

measuring the amount of contraction

the same time, the material that I had available for coiling was limited – I had only

was problematic, even more since the

a few meters from a sample of the Statex monofilament – and the coiling proce-

coils tended to come apart when put

dure itself was tedious and time consuming – the cheap fishing line was the only

into the clamps of the improvised test

material that could be coiled quickly and reliably. I thus continued my experiments

stand.

based on the assumption that the coils could be used for contraction, but concentrated on the textile structure and how to make it work as a counterforce to the

These patches confirmed the presump-

contraction motion.

tion that it was way more difficult to
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Since the SMA was easier to work with
and more controllable, I continued my
experiments by focusing on a flexible elastic structure first but always
considered both straightening and
contraction in my samples. I therefore
simulated the contraction by using
elastic threads such as Lycra, even if the
elastic effect would be permanent and
not temporary like in the polymer coils.
The role that the different shape
changing materials took were thus
complementary: The SMA straightens
out, which results in an expanding motion, and the polymer coils decrease in
length, which acts as the contracting
motion. Both movements thus need a
mechanical counter-movement in the
textile structure if they should act as a
textile muscle.
I assumed that such a two-way movement required some three-dimensional
textile structure that supported the
deformation of the cloth. Multi-layered
weaves are already useful when it comes
to organizing electrical connections in
the fabric, but they are also very effective to create relief structures, pockets
and bulges. I thus concentrated on twoFigure 20: Front and back of a two-layer
structure with waffle weave on one layer and
plain weave on the other. Both layers intersect
in regular intervals.
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or multi-layered designs for my next
samples, combining stretchy and stiff
materials and weaves in the different
layers.
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Figure 23: Screenshot of the base weave for the
waffle and plain weave pattern in ScotWeave.

Figure 21: Diverse tests with waffle weave and
plain weave layers that are interconnected at
some points. The plain weave however flattens
the waffle structure.
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Figure 22: A width of three repeats at a repeat
size of 12 threads worked well for the alternating layers. Samples with thick and thin yarn
and the final sample with SMA and thermochromic thread.

Figure 24: The two layers of the waffle and plain
weave structure in cross section.
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Waffle weave
The waffle weave is an inherently
stretchy weave pattern with some
three-dimensional volume to it. The
volume and stretchiness results from the
construction, which combines densely
interlocked warp and weft threads with
long floats. The warp and weft threads
thus pile up when released from the
loom, and appear as a waffle-like squared pattern. The thicker the thread and
the larger the weave, the stronger the
piling effect gets.
The waffle weave thus acts as a mechanical spring, it draws heavily together
when compared to a plain weave of
the same height. My approach was to
use the natural stretchiness as a way
to contract the textile and to use it as a
mechanical counterforce to the straight

Figure 26: Front and back of the waffle and plain
weave sample with the SMA.

annealed SMA.
My initial approach was to develop a
three-layer structure where a plain layer
runs in the middle between two waffle
weave layers on the outside. The middle
layer was attached to the outer layers
on the highest and lowest points of the
waffle structure. The waffle structure
should thus pull up the middle layer
and curve it up and down. The design of
Figure 25: The waffle weave is very flexible and
contracts the cloth. Unfortunately it does so in
the wrong direction.

such a pattern however was not trivial
because the middle layer would have
to be placed on top of large parts of the

Figure 27: Closeup of the SMA in the weave.
The waffle weave throws waves only in vertical
direction and does not affect the SMA.

upper layer warp threads, and
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well, and the effect became even more
visible with a thick yarn for the waffle
weave weft.
What also became obvious however
was that the weave shrunk in the wrong
direction: The thick weft threads made
it contract in vertical direction, thus the
direction of the warp threads. The fabric
on the second (plain) layer was throwing waves, just like intended. However,

Figure 29: Sample with a two-layer structure
with Lycra and SMA wire.

since the SMA and the thick material
for the waffle weave ran in the same
direction, i.e. the weft direction, the
piling effect did not affect the SMA. The
individual weft threads remained relatively straight while the warp threads
were bent by the weave. Activating the
Nitinol did thus not change the shape of
the cloth. The approach probably would
have worked if I could have chosen both
weft and warp threads for this pattern.
Figure 28: Sample with Lycra and monofilament
in a two-layer pattern. The Lycra pulls together
and makes the monofilament throw waves in
horizontal direction.

Lycra

Figure 30: Closeup to the SMA wire (in the pink
parts) and Lycra intersecting each other.

Since the waffle binding only produced
contraction in the warp direction, I
applied Lycra as an elastic material that

underneath the lower layer warp threads, since the waffle weave only piled up

could contract the cloth in weft direction

because of the long floats in both directions. I made a try-out with a two- and three-

as well. A Lycra thread is put in as a weft

layer structure and soon realized that the interlocking of the middle layer with the

thread together with a base material

outer layers completely removed the three-dimensional effect of the waffle weave.

that it can shrink and shorten after the

This might have been because I designed the pattern in the wrong way. However it

cloth is taken of the loom. The material

showed that I needed to simplify my approach further if I wanted to make it work.

shrinks when it is steamed and makes
the surrounding threads pull together

For the second set of samples, I started out with two layers – one with plain weave,
the other with waffle weave – and kept them completely apart so that the waffle layer
could contract without constraints. In this pattern, the piling of the structure worked
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elastically.

Figure 31: The SMA needs to be stitched to the
cloth so that it does not push out of the weave
when it is activated.
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The pattern that I used together with
the Lycra consisted of two layers that
intersected each other in regular intervals. Like this, the top layer became the
bottom layer, and the other way around.
In the cloth, the Lycra layer thus dives
up and down around the SMA layer. My
idea was that when the Lycra pulls one
layer together, it bends the other layer
with the SMA and puts it into a regular
curve pattern. If the second layer then
contains the straight annealed SMA,
it should flatten the curve pattern on
activation. The Lycra should pull it back
into a wavy structure afterwards.

Monofilament
The complementary mechanical counterforce that I explored was the insertion
of monofilaments into the weft. Being
slightly stiffer and less flexible than e.g.
a standard cotton thread, the monofilament expands and straightens a woven
structure. In this aspect, it acts similar
to the straight annealed SMA wire, and
serves as a possible counter-mechanism
to the contraction of the polymer coils.
Both monofilament and Lycra complemented each other and represent the
actuation force of one of the two shape
change materials: The effect of the monofilament was to expand, and the effect
Figure 32: Three samples with both kinds of activation: The SMA wire expands, the polymer coils
contract and therefore act as opposite forces.

of the Lycra was to contract.
I made a first sample with a thin white
monofilament (0.2mm) from the
knitting workshop. This material was
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the thickest quality that I could find to

replaced the Lycra with the polymer

start producing the sample. The first

coils. Both variations are also blended

sample mostly served to try out different

with thermochromic thread to visually

intervals to change the direction of the

indicate the actuation.

layers, and to evaluate the overall effect.

Figure 33: Closeup of a longer wave structure
with Lycra and SMA to have a more visible effect
on actuation. Due to a weaving mistake, I could
not test this sample.

It turned out that the intersecting layers

The SMA sample only consisted of three

with the two materials were indeed

parts where the two layers intersected.

throwing waves. The sample thus shows

When I steamed the Lycra, the SMA

that this setup and combination could

began to poke out of the weave on the

actually work as a two-way textile actua-

edges because the contraction of the

tor with the right combination of elastic

Lycra layer pushed it out in weft direc-

and stiff material in the structure. By

tion. The SMA layer did not throw waves

the shape of the cloth, one could even

as intended, but instead the material

imagine that if distributed on the textile

was slippery enough to just escape on

in the right way, the cloth could perform

the edges. It could be drawn back in by

a crawling motion. I thus decided to

just stretching the cloth, but finally the

proceed with this approach and to insert

only thing that helped to keep it in place

the shape change materials that I had

was to densely stitch the SMA edges to

at hand.

the underlying cloth. Afterwards, the

Figure 34: Polymer coils from fishing line with
two different kinds of monofilament as mechanical springs.

wave pattern becomes more visible.

The wave patterns with shape
changing materials

Since I have not been able to test

With the positive result from the Lycra

Nitinol and Lycra act as equal counter-

and monofilament test, I went on to

forces on actuation, but it seems as if

design weave patterns where I could

there is some potential in this approach.

replace one of the two materials with

I therefore produced another sample

the actual shape changing material

with a larger width and more intersec-

that it represented in the test. Again,

tion, but due to a mistake in the pattern,

I had to limit the size of the patch to

the Lycra thread ended up on the wrong

the actuators that I could work with,

layer, so that I don’t have any reliable

and take into account the high costs

results on this variation either.

these last samples, I cannot assess if the

Figure 35: Closeup of the polymer coils, monofilament, thermochromic thread and heating
thread. The heating threads are crimped and
soldered to the copper warp threads.

for the SMA wire. I therefore placed
the actual samples in the centre of the

For the polymer actuators, I used

warp, leaving a lot of space around

the cheap fishing line to produce the

them, and restricted the width to

coils since this was the most reliable

a few centimetres. In one sample, I

material for coiling, and blended it with

thus replaced the monofilament with

both the thin monofilament as well as

SMA wire, and in the other sample, I
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with the uncoiled fishing line. When I
expands first

heavy

expands first

expands first

contracts first

expands first

heavy

expands first

expands first

designed these patterns, I already had

contracts first

measured the heat dissipation with
the IR camera and experimented with
more appropriate configurations for
D

A1/A2

C

expands first
Niti und Lycra

Kupfer
heavy
und
Monofil

A1/A2
expands first
Niti und Lycra

Basis 3
Copper
Monofilament
Lycra
Basis 2
Basis 1
Niti2
Niti1

Figure 36: Diagrams to plan the weaving pattern
for the textile robot. Top: Distribution of actuators. Centre: Translation into the wave actuator
structure. Bottom: Distribution of floats in the
pattern.

D
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Niti und Lycra
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Monofil

The steel threads thus have long floats
that I cut afterwards, fixed them with
crimp beads, and soldered the beads to
the conductive warp threads. Based on
Anja’s experiences with the first polymer
coil sample, I also tried to slightly stretch
the coils when I put them into the warp.
Already with this slight stretching, some
of the coils started to unravel on the
edges.
This time, the sample performed better
as a heating element but otherwise did
not show an effect that could be observed with the naked eye. The contraction
of the coils is similar to that of Muscle
Wire at around six per cent. This amount
might just be too minimal if applied
to an overall length of around 8cm.
Moreover, the monofilament is not the
easiest material to work with and reacts
sensitively to any irregularities in the
warp. As there were a few warp
threads that did not react to the computer control, each of these threads
influenced the behaviour of the monofilament weft threads. Those started

Figure 37: The test weave and the final version of
the textile robot pattern.

to roll and make kinks within the cloth
and thus created an irregular surface.
Besides, the warp threads – a thin polyester thread – was more flexible than
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Figure 38: Screenshot of the textile robot
weaving pattern in ScotWeave.

the monofilament weft threads and slipped on the monofilaments, resulting in a less
stable and uneven weave.
In sum, it seemed as if the SMA was the more appropriate material to work with the
two-layer wave structure, because it actuated more reliably and caused less problems
with the integration into the textile.

Figure 39: Handling eight different materials on
the Jacquard loom: Cardboard shuttles hold
the SMA wire, the copper serves as weight and
conductive material at once.

The textile robot model
I finally used my experiences with the multilayer weave structure and Jacquard design to make a proof of concept for a soft textile woven robot. This robot is a compilation of the different textile patterns and materials I experimented with, applied to the
soft robot morphology that Gauss and I developed together. As such, it is a showcase
and not an actual working prototype. It rather illustrates the possible results from
crossing textile design with artificial intelligence research, and the functional and
formal-aesthetic potential that emerges from this combination.
For the Jacquard design, I translated Gauss’ proposition for a cylindrical textile robot
into a weaving pattern. The morphology of the robot was the result of his simulation
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Figure 40: Uncut floating threads in the test
version of the robot pattern.
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and evolutionary variation of the initial

cloth is too narrow and flexible to form a proper cylinder that would keep its shape.

setup, which was similar to the textile

I had to use the entire width of the warp to distribute all elements but did not add a

cylinder with the stitched-on SMA wire

lot of height to the design because it would consume too much material. Even then,

actuators. The setup was therefore more

the actuators would most likely not work: The amount of Lycra was too limited to

developed and consisted of different

pull the SMA into shape, and with seven different materials to handle in weft direc-

areas: Those that contract first, then

tion, the weave did not become dense enough to provide stability for the SMA either.

expand, and those that acted the other

Even if the textile muscles performed, it would not have been clear if the amount of

way around; and between these com-

contraction was sufficient for the model to move. It is also not clear how much weight

plementary actuators, there were areas

the soft robot needs in its heavy areas in proportion to its overall weight, and if the

with more stiffness and more weight

copper thread is sufficient to add this weight.

than the surrounding structure.
The textile robot model therefore is no proof for the functionality of the textile musFor the Jacquard layout, I did not need

cles or the alternative morphology. It is not an engineering model, although some

to differentiate between the two kinds

of its aspects can be tested, improved or discarded to eventually create a working

of actuators, because the sequence of

version in the future. This model however remains an illustration of a possibility, a

contraction and expansion would be

trigger for speculation. As such, it visualizes and embodies a vision of an alternative

decided in the control code anyways.

and probably adventurous approach to robotics, one that might influence our thin-

Therefore the setup was the same for

king about and perception of robots in the long run.

all actuators and consisted of a wave
structure with Lycra and SMA wire that

Insights from constructing the robots

intersected four times in one actuator.

Figure 41: Closeup of the different functional
elements of the robot. Top: The wave-structure
actuator. Centre: Heavy parts with copper yarn.
Bottom: Stiff parts with monofilament.

For the stiff areas, I added monofila-

From an interdisciplinary point of view, the attempt to construct textile muscles and

ment, and for the heavy areas, I inserted

soft robots was a very rewarding experience. Even if the results are not functioning,

copper thread – not as a conductive

the common interest to work on an exotic theme such as a textile robot forced me to

element but as a rather heavy thread

learn many different new things and to acquire new skills both in my own domain

material. Both materials float in those

as well as in adjacent fields. I thus gained the most intriguing insights for myself in

areas where they are not needed and

reflecting how the materials and tools influenced my choices in the design process,

can be cut away after weaving. On top of

from a very concrete and crafty level up to dealing with the general uncertainty that

the actuator pattern, I added conductive

the topic brought with it. While I made similar experiences when working on the

threads in the weft that served as elec-

textile sensors and data gloves, the effect was much more present in the case of the

trical connections to control the SMA

textile robots.

wires. Similar to the heating threads,
the SMA is crimped and the crimp beads
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are soldered to the conductive thread.

Using tools and techniques

It is immediately clear that this textile

For me personally, the development of the textile muscles involved learning a new

robot is not going to roll around: The

textile technique and everything that was necessary to work with the respective tools:
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Understanding the Jacquard weave design, learning how to weave and designing

Applying laboratory phenomena in the wild

appropriate patterns all at the same time. As a textile technique, weaving requires more
prior knowledge and heavier equipment than knitting. It is also more constrained and

Both aspects of the project, the work on the sensor gloves as well as on the soft robot,

less flexible when it comes to choice of materials and machine control, or simply more

illustrate the complications when a specific phenomenon is taken from a relatively

time-consuming to make changes in the machine setup. The warp usually stays the

confined (laboratory) setting and into a different application context. This transition

same, just like the width of the woven cloth and the density of warp threads. None of

is more proven with sensor materials than with textile actuators, hence the contrast is

these parameters can be quickly changed; they have to be accommodated in the design.

more visible for the shape-changing materials. While the performance of a SMA wire
or a polymer coil is impressive when demonstrated in a test stand, the failed attempts

I certainly approached the textile muscle construction in a more naive and basic way

to make them perform in a textile structure show how delicate the conditions are un-

than a more experienced weaver would have done this. The fact that I had to both

der which they work. Putting the shape-change materials into context – and be it the

acquire and apply my knowledge on weave design at the same time might thus have

context of a polymer coil being next to many others in a woven sample – thus changes

led to some detours that are typical for beginners. This is not a problem as such; for

the behaviour radically.

a relatively time-consuming technique such as weaving, it might make the design
process slightly less efficient. However it points to the fact that there is more potential

Moreover, the amount of shape-change material used in a laboratory setting is usu-

in my basic explorations on weaving than what I could realize myself in the amount

ally limited to a very small quantity. A few centimetres are enough to prove a point,

of time I had at hand.

but they are far too little when it comes to textile production. For a polymer coil to be
a really useful material for textile design, a length of seven metres makes more sense

All textile production techniques take their time and require some trial-and-error

than a length of seven centimetres. This is also a recurring problem when working

iterative design, but hand weaving introduces even more delay to the process. It takes

with electronic textiles: Scalability depends on availability of a material and of the

time until a portion of the cloth is long enough to be taken off the loom, and there

information necessary to use it properly.

can be several days between weaving a sample and being able to test it in the electronics workshop. Therefore all patterns need to be carefully planned, double-checked

It thus takes much more than to weave in a polymer coil to make a textile move, and

and tested before they are applied with conductive materials, to avoid mistakes as far

the circumstances under which they perform have to be engineered just as carefully

as possible.

as in a test stand. In this exercise, opportunism can be helpful. The most pressing
question is not always how to measure and quantify but how to make things work.

In addition to these given constraints, there are issues with the specific machine

Whatever works succeeds, and whatever does not will be left aside. At the same time,

that complicated the work: The AVL loom is a sophisticated and sensitive tool that

this privileging of the working solution is also a pity for both engineers and desig-

requires some practice to function well. With over 1400 separately controlled warp

ners, since it does not acknowledge the accomplishment behind a beautiful failure.

threads, it happened frequently that individual hooks got entangled or did not react
at all due to differences in the warp tension. Fixing the hooks and keeping the warp

In case of the textile robots, the craft of putting things to practice thus involved much

tension stable was thus an integral part of the work routine that sometimes took

more aspects than just learning how to weave, since I nearly spent as much time with

several hours. It also led to visible and annoying mistakes in the pattern so that it was

coiling, soldering and measuring my heat circuits as I did on weaving my samples.

practically not possible to use the entire width of the warp. Such trouble with specific
machines is a normal part of the craft; however, it has to be considered as tacit knowledge that one first needs to acquire before things run smoothly.
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Handling uncertainty

what works than figuring out how it works exactly, and as such it is a very typical part
of design research. When it comes to handle uncertainty, it is sometimes just a really

With a less explored topic there comes more uncertainty, not only in implementing

useful hands-on approach to come up with new ideas, regardless of their practical

the few mechanism that other researchers proved to have worked before. It extends

feasibility.

from a practical to a conceptual level, which is usually a good situation for design
researchers. At the same time, it introduces many breaking points to a project of what
can go wrong. The uncertainty that stems from trying to make many risky things
work at once thus creates practical problems but also represents an incredibly attractive challenge.
In the construction of the textile robots, so many things at once were uncertain: The
proper performance of the shape-change materials, the right choice of materials for
the purpose, the structural setup and the shape of the robots. By combining them, no
aspect could be left out or ignored unless I decided for a radical change in approach
or technique. Therefore all of them could also become incredibly important if they
did not live up to the expectations.
For instance, it turned out that one of the aspects that could have been relatively well
known and controllable – the textile heat elements – became much more complicated
than initially expected. This very practical struggle was just one of many secondary
arenas in the attempt to make the textile move. The knowledge I gained from trying
to solve it might not be spectacular in the context of soft robots, but it might be in
another context: As a genuine actuation mode for e-textiles, heat is very interesting
but relatively hard to handle, and any instruction on how to make it more applicable
comes in handy.
A similar case of a practical struggle that creates interesting uncertainty is the combination of textile structure and a variety of materials. In the most extreme case, I had
to handle seven different materials at once, with the SMA on self-made cardboard
shuttles, cut to the necessary length or the polymer coils in small plastic bags next to
me on the weaving bench. Even without any electrical components, the combination
of materials and textile structures opens up for endless variations in how the textile
behaves. But with the electro-active materials, the question was always which part
did I need to change to come closer to the desirable result of a textile muscle.
This working strategy appears chaotic compared to the highly structured experiments
in the natural sciences and engineering. It is based on a larger interest in finding out
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In hindsight, I can observe two major directions that I followed in my postdoctoral
research: One that I brought with me when I came,which dealt mostly with textile
artefacts as sensors and their wearability, and the interaction potential of the textile
material on the human body and beyond. I adopted the other direction during my
project work, which evolved around textile artefacts as actuators and their specific
production logic and the potential to use this logic in entirely different domains.
In both approaches, I tried to take seriously what I perceive as the major additions
of textiles to electronics: The material qualities on the one hand, and the traditional
production process on the other. Whereas it is common to use textiles as a substrate
for electronics of all kind, this additive approach always seemed like a bad compromi
se to me. Similarly, merely adopting existing textile shapes and enhancing the inter
action with those shapes with electronics also seemed to limit the potential of what
other and more interesting things could be done with textiles. Even though, with the
glove design, I took a very similar approach, my main interest lied in the material and
the technique and less in the shape and context of the glove itself.
However, working with electronic textiles today still ends up in a compromise of what
to get to work, and where to fall back to conventional electronic components to prove
a point. The more textile the electronics get, the more difficult it becomes to ensure
that they perform well. To me, the research in this field is a permanent trade-off
between feasibility and the desire to experiment with the materials and techniques
with largely unknown results. From where I stand, the riskier route – the one with
more trial-and-error, more failures, more textiles – is the more interesting one, but it
is not always the one to get the most attention or enthusiasm for. As I experienced it,
it takes persuasiveness to be allowed to take this research direction in an academic
setting.
In hindsight, two years of project time and one year of actual working time was also
barely enough to scratch the surface of the research on textile robots. It was this topic
that I found most intriguing to work on, because it embodied my research interests
so perfectly well and at the same time acted as a slightly insane vision to share with
my fellow postdocs. Ideally, it is this level of insanity that is worth pursuing in future
research.
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Abstract

UNIVERSITY OF BORÅS STUDIES IN ARTISTIC RESEARCH NO 21 2017

This report documents the application of textile production techniques for
sensing and actuation in e-textile structures and artifacts. It shows how weaving and knitting on industrial machines can be used to design and build
electronic elements in a textile shape, such as pressure sensors, speaker coils
and shape change structures. The report also documents the application of
those techniques in two different prototypes, the first being a sensor glove
that was used for gesture recognition, and the second being woven textile
muscle that was developed as the basis for a soft textile robot.

KATHARINA BREDIES

In electronic textiles, we apply production techniques from both textiles and
electronic engineering to bridge the gap between these two very different
materials. While it is obvious to apply electronic engineering to textiles to
ensure the working of the electronic components, the application of textile
production techniques to electronics is still challenging. Yet it is in the
appropriation of textile manufacturing that there is a huge potential for
innovation. This potential does not only cover the means of production, but
also the way we interact with digital interfaces as well as the overall aesthetic of those interfaces.
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