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Abstract

This work presents StretchyKeyboard: a multi-modal fabric sensate surface as a deformable
musical interface. Multi-layer fabric sensors that detect touch, proximity, electric field,
pressure, and stretch were machine-sewn in a keyboard pattern on a stretchable substrate.
The result is a fabric-based musical controller that combines both the discrete control of a
keyboard and various continuous controls from the fabric sensors. This enables new tactile
experiences and novel interactions both with physical and non-contact gestures: physical by
pressing, pulling, stretching, and twisting the fabric and non-physical by hovering and
waving towards/against the keyboard and a field source. We also developed other fabric
interfaces such as ribbon-controller and trackpad allowing performer to add more
expressive, position sensing controls. The multi-modal fabric sensate surface demonstrates
an effort towards seamless, self-aware, and washable media.
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Chapter 1:

Introduction

Around the 90s, when miniaturized electronic systems were well-advanced, evoking the
start of wearable computing era, there were several explorations to develop novel
instruments for musical expression using smart-textiles and surfaces. Specific examples of
works involving these include the Media Lab’s Musical Jacket, Embroidered Musical Ball,
and Magic Carpet that respectively utilize conductive threads, pressure sensors, and
piezoelectric wires to detect gestural inputs such as touches, squeezes or pressure, and
positions [1,2]. The development of smart-textile materials and integration also resulted in
Imogen Heap’s Musical Gloves [3], Zstretch, a stretchy fabric musical controller [4], and
other works involving multi-touch and pressure sensing for fabric-based musical controllers
[5]. There has also been a tremendous amount of work done on using diverse sensors as
keyboard inputs or to complement it either to record and recreate performance [6], improve
the performance of piano player by providing feedback, augment acoustic instruments [7],
or give a more expressive control of sound to each key by adding continuous controls or
transforming the keyboard’s surface as demonstrated recently by TouchKeys and Seaboard,

respectively [8,9].

Pianos and keyboards are one of the most prominent musical instruments that most people
play, particularly when it comes to performing and composing music. Inspired by electronic
textiles, we envision a fully-stitched keyboard with fabric-based multi-sensory control in a
stretchable surface. This will allow keyboardist to not only play and compose music in a
physically novel and deformable instrument, but also experience a new dimension of sound
synthesis by applying different gestural inputs such as pressing, pulling, squeezing,
stretching, and twisting. A keyboard and synthesizer controller made out of fabric, besides
being a very unique musical instrument, it can be worn and easily folded and rolled up and
packed in luggage like a pair of socks or a scarf [10]. To our knowledge, there has not been
an interesting keyboard made out of a fabric yet. Japanese textile maker Gunze has just
released a textile piano this year; however, the keys only work as a touch input [11]. In this
thesis, we will start by initially looking into the past and current keyboard instruments and
electronic musical controllers as well as the state-of-the-art smart textile materials and
integrations before presenting our contribution (Chapter 2). We will then propose the multi-
sensory fabric keyboard design and briefly go through its development process (Chapter 3).
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We will also look deeper into the design and characterization of each fabric sensor modality
(Chapter 4) and its corresponding circuitry (Chapter 5). After that, we will cover several
approaches in interfacing sensor data to a computer and map them into sound (Chapter 6).
At the end, we will propose several interaction possibilities and evaluate the performance of
this fabric controller quantitative and qualitatively (Chapter 7). The development of this
multi-sensate fabric surface is relevant not only for novel and expressive musical controllers,

but also for other physical interaction media involving smart objects or surfaces.
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Chapter 2:

Background Research
and Related Work

2.1 Keyboard Instruments: from Acoustical to Digital

The keyboard is one of the most prominent musical instruments. Its interface has
become standardized in today’s musical controllers, as it is easy to use it to control acoustic
or mechanical sound. Some of the earliest acoustic instruments involving keyboards are
pipe-organ, harpsichord and clavichord. At that time, the plucks or hammers in these
instruments could only emit sound in only one volume. Briefly after that, around the 1700s,
pianoforte, a new style of acoustical instrument that can play note softly and loudly by
hammering of a string depending on key force was introduced. Piano then became one of
the most enduring instruments ever because of its expressive controls and rich sounds,
creating emotional experience to both performers and audience. Overtime, features and
modifications to the piano such as felt hammers, sound boards, and pedals, gave an even

more expressive control toit.

As time went by and technology rapidly advanced, new keyboard instruments involving
electrical components started to appear around the early 20th century. These include many
keyboards to control electronic sound, such as Elisha Gray’s Musical Telegraph (1876),
Thaddeus Cahill’s Massive Telharmonium (1906), and Lee DeForest's Audion (1915) which
were built from self-oscillating reeds, dynamo wheels, and heterodyne oscillators
respectively [81]. After that, the electric piano, which is a type of hybrid acoustical-electrical
instruments, was introduced around the 30s. In this instrument, the vibrations generated by
the hammer-strike are converted into electrical signals and fed to circuits with amplifiers

and loudspeakers.
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In the 60s, when integrated circuits were well miniaturized and commercialized, analog
synthesizers such as the Minimoog started to flood the market with its expressive capability
to generate and manipulate sound with an electronic keyboard and an array of switches,
sliders, and knobs. Further growths in transistor shrinkage and performance, along with the
deployment of MIDI standard steadily substituted the sound processing from purely analog
to digital. The big musical instrument companies began to develop integrated systems with
sound-cards to perform sound recording and processing with built-in software, substituting
the role of analogue circuitry in the old-time synthesizer; however, the keyboard still stood

there as the main interface [12].

As the commercial computers and even embedded processors now have sufficient
processing power, sound generation and manipulation can easily be done digitally through
audio synthesis environments pioneered by Max Matthews in Bell Labs. This shift in the
sound synthesis paradigm allowed people to synthesise any sound, generate any sequence,
et cetera but with the static computer GUI, expression controls especially in live performance,
could be limited and cumbersome [13]. This is where the interfacing involves, to bridge the
gap between the physical (gestures) and digital component (sound) of electronic music. This
chapter will cover the past development of electronic musical controllers involving
keyboards and the state-of-the-art research in integrating these instruments with various
sensing capabilities to add a new dimension of expressiveness and functionality. We will

also look into modern electronic musical controllers and their design principles.

2.1.1 Early Electronic Musical Controllers

The Theremin (1920) is one of the earliest electronic musical controllers. This
instrument works by using sensing antennas that can modulate oscillator’s base frequency
and amplitude based on electric field coupling as the performer’s hand moving around the
antenna. Even though is hard to master, the free-hand movements in this instrument
provide boundless possibilities of continuous sound production and control capability to the
performers, inspiring the developments of new and expressive electronic musical controllers
until today. Paradiso reviewed different types of electronic musical controllers from
keyboards, wind, to non-contact interfaces [13]. Focusing on keyboard controllers, Hugh Le
Caine’s Electronic Sackbut (1940) is a great example of early expressive keyboard
instrument. It allows performers to play notes using right hand with the pressure-sensitive
keys; its lateral and vertical pressure correspond to pitch and volume respectively. The left-
hand controls, comprising movable pads as shown in Figure 2.1 below, can be expressively
controlled to modulate the source waveforms in different ways thus changing the timbre of

the sound. This illustrates the concept of “left-hand controller”, which is a set of knobs,
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sliders, touchpads, joysticks, and others, normally positioned to the left of the keyboard,
which the performer can use to articulate produced sound.

AUXILARY FORMAN

| MAN FORMANT

(b)

Figure 2.1: Hugh Le Caine playing the Electronic Sackbut (a) and expressive left hand
controls (b, reprinted [14])

In 1928, Maurice Martenot invented his own instrument, ‘the Ondes Martenot” inspired by
Theremin’s work; the instrument also experienced multiple reconstructions through its time.
As shown in Figure 2.2a below, the performer wears a ring that pulls a string to vary the
pitch or vibrato of a sound continuously. The left hand pedal is used to control the volume.
There is also an option to use the keyboard for discrete controls of pitch. The latter version
(1940) allows additional lateral movement of the keyboard in millimeters for vibrato effects
[15]. These keyboards and others that appeared around the same time however are
monophonic, with the exception of electronic organs on early synthesizers, such as
Gemsback’s Pianorad and Bode’s Organ [81]. Then, several decades after, polyphonic
keyboards and synthesizers started to become common in the 70s. Another novel keyboard
instrument is shown in Figure 2.2b. The Key Concepts Note Bender (1978) incorporates a
longitudinal (back and forward) key displacement. The very first application of this
displacement was to change colour of overall tone. After several improvements, the last

prototype as shown in the figure could modulate the pitch of each key independently.
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Figure 2.2: a) Ondes Martenot with sliding ring
b) The Key Concepts Note Bender (reprinted [15,16])

Other electronic keyboards involve capacitive sensing techniques. Capacitive contact
sensing has been embedded in synthesizers such as in EMS Sythin AKS or EDP Wasp from
the early 70s [82]. Other influential examples are Buchla’s Thunder and Moog’s Multiply-
Touch Sensitive Keyboards (1990) [7,13]. The thunder percussive controller consists of touch
plates that can detect velocity, position, and pressure whereas Moog’s MTS Keyboards were
integrated with a new layer of sensors on the keyboard to detect finger gestures in X and Y
with four corner-points current sensing as well as the Z or vertical position of the key by
coupling a surface layer with a bottom aluminium layer. Furthermore, a force-sensor with
resistive film is also combined in the design to measure pressure profile. Instead of turning
knobs and sliders in synthesizers, these controllers allow expressive and fluid controls of the
pitch and timbre of the sound generated by applying different gestural inputs right on the
keyboard.

2.1.2 Integration of Discrete and Continuous Controls

After the development of Moog's MTS Keyboards, several new pieces of research
emerged to incorporate continuous controls in a keyboard either by augmenting it or
developing a slightly new interface. Using a capacitive multi-touch sensing PCB on every
key’s surface, TouchKeys allows performers to map their two dimensional finger positions
and contact area to any sound parameter using the MIDI or OSC protocol [9]. Instead of
using a capacitive technique, Grosshauser and Troster designed a flexible PCB with a matrix
of FSR to measure pressure and position of a finger on each key. This provides a technique

to evaluate and possibly extend the performance of the player [8].

Haken et al. presented The Continuum [17]. An indiscrete keyboard controller that measures
the XY positions and Z pressure of a finger on flat continuous surface and is able to
accommodate up to ten simultaneous notes. The design of this instrument has evolved, from
using a polarized light source to detect fingers with CCD camera, applying a thick carbon
fibers rubber sheet that changes its impedance when compressed, to sensing proximity of
magnets with hall-effect sensors. The instrument can control vibrato, tremolo, and timbre of
notes by sliding and pressing our fingers in different directions across the sensing surface

and is shown below in Figure 2.3.
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Figure 2.3: Haken Continuum Fingerboard (reprinted [17])

Lamb and Robertson’s Seaboard works similarly as the Continuum, but instead of an
entirely flat surface, they designed a wavy keyboard pattern with silicone as a base, giving
the surface an unique tactile feeling to touch, press, and slides [10]. By using this haptic
pattern, unlike the Continuum, the discrete and continuous controls of the board can be
physically and visually distinguished enabling a more accurate control of performance. All
of the finger movements are sensed by a matrix of FSRs at the bottom of the silicone. Other
efforts have also been made to design a microtonal keyboard to gain a greater control of
pitch. One example, such as Snyderphonic Manta, is inspired by Buchla’s Thunder and
consists of 48 velocity-sensitive capacitive touch sensors in a hexagonal grid with two

additional capacitive sliders [18].

2.1.3 Flexible and Deformable Musical Interface

The vast development of smart materials and sensor technologies has prompted a
broad range of new interfaces for musical expressions, especially in flexible and deformable
controllers as shown in Figure 2.4 below. The MIT Media Lab’s Musical Jacket for example,
consists of embroidered conductive threads that form a capacitive touch surface. These
capacitive sensors are connected to a MIDI synthesizer. The Embroidered Ball, on the other
hand, measures pressure exerted between the embroidered electrodes and grounds to
produce particular sound [1]. Zstretch is a fabric with sewn stretch sensors on each side of
to control sound parameters, such as tempo, volume, and speed by stretching [5] while the
sonic banana is a MIDI instrument embedded and integrated with bend sensors and

pushbuttons proposing new expressive gestures such as bending and twisting [19].
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Figure 2.4: a) The Musical Jacket b) Embroidered Musical Ball c) Sonic Banana d) Zstretch
(reprinted [1,5,19])

Another soft instrument that is popular and still being refined until now is a musical glove,
as it is very expressive and suitable for live performances. An early custom musical glove is
Laetitia Sonami’s “Lady’s Glove” (1994) made at STEIM [20]. As new sensors are developed,
especially in textile-forms, current musical glove is made out of fabric bend sensors with
accelerometer sewn on top [35]. Most of the fabric interfaces mentioned here however are
mostly played to shape or control sound; not many have capabilities of producing discrete
sound like keyboard controllers.

2.1.4 Electronic Instrument Design and Parameter Mapping

The principle of electronic or digital instrument design is illustrated in Figure 2.5
below. For the inputs, Bongers classifies sensors for musical interfaces based on human
output modalities that can be categorized as muscle action, blowing, voice, and others
(blood pressure, heart rate, temperature, et cetera) [21]. In this work, we are interested in
using muscle actuation as our inputs. This will involve isometric (pressure) and movement
(both contact and contactless) sensors. The primary feedback is based on our physical
interaction with the controller, such as the noise and tactile feedback we get from interacting
with the instrument, while the secondary feedback is the sound and other features (such as
visual, haptics) triggered and generated by the instrument. There is an interface gap
between the controller and the sound processing component. This is the mapping layer
between gesture and produced sound, taking a set of rules and transforms done by a
processor or host computer to which the controller is attached.
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Parameter mapping in instrument design is an important subject in music research,
especially since it gives an instrument its own identity and influences how it should be
played. There are several ways to approach this. One can use machine learning tools as a
way to map certain parameters to a required output or another way, to explicitly define the
parameters [12]. These decisions are mostly based on the performer’s intention. As much as
it has been a great research interest, it is however, still a mystery to generally evaluate what
makes a good musical interface or mapping besides the qualitative, feeling of enjoyment
(emotionally — expression and physically — feel) when playing it. It can be observed
however, that the most successful electronic instruments, the ones that have gained
popularity such as keyboard and electric guitar, mostly adapt their mappings from existing

acoustic instruments.

INPUT MAPPING
Gestures
— e
— QGestural Sound =
Controller Production
Primary —_—
feedback
Secondary

feedback

Figure 2.5: Digital Music Interface Model (reprinted [12])

2.2 Smart Textiles: from Manufacturing to Applications

The presence of textiles, garments, or fabrics in our lives is inarguably ubiquitous.
From clothing to interior design, the comfortability and aesthetics of textiles have allowed us
to keep our hygiene and warmth while also enable us to express ourselves. The
advancement in materials and manufacturing technology has made textiles to be more
adaptive. Some examples are moisture-repellent and phase-changing fabric that maintains
comfortability and body temperature of the wearer, biometric knitting technique that
improves athlete’s performance in sports, and thermo-chromic fabric that can change colour
when heated [23]. In the 90s, when electronic systems become much more advanced, visions
started to appear in integrating electronics into textiles, to make them smarter and more

functional; thus, the birth of textile-based computing. This section will cover the
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fundamental of e-textile materials and manufacturing techniques before looking deeper into
its integrations and applications. Textile-based computing allows fabric to not only passively
sense, but also to react and adapt its behaviour [1]; therefore, adding more functionality to
textiles in areas such as physiological monitoring, activity recognition, physical interactions,

and interactive media.

2.2.1 Textile Fibers and Manufacturing Techniques

Fibres are the fundamental components that produce a textile. There are two types of
fibres: natural and artificial. Natural fibres come from animal (wool, hair, and silk) and
plants (seed, bast, and leaf) whereas artificial fibres are made out of synthethic (polymers),
regenerated (rayon), and inorganic materials (carbon, glass, ceramic, et cetera). The
groupings of these fibres either by twisting or non-twisting in a long strand result in the
development of yarns whereas the number of filaments and different techniques of twisting
them define the yarns types and properties [24]. After the fibres or yarns are developed,
different textile assemblies and treatments can be executed to produce fabrics. The different
assembly techniques will define fabric properties, such as texture, appearance, drape, and
feel, which correspondingly influence its performance, such as strength, durability, and

comfort.
2.2.2 Textile-based Electronics

In this section, we will discuss current progresses of electronic textiles from
fundamental materials to developing and deploying a system-on-textile. There have been
many advances in textile-based electronics, including in circuits, energy harvesting, wireless
transmission, and actuation [25]. However, since this research primarily focuses on smart-
textiles as a media for physical interactions, we will limit our topics to textile interconnects,

electrodes, and sensors.

2.2.2.1 Conductive Threads and Fabric

Conductive fabrics were mainly used for anti-static layers, electromagnetic
interference shielding, and protective clothing in clean-room fabrication or military
purposes before expanding its applications to wearables and ubiquitous computing. They
are made either by weaving or knitting conductive threads. Some, such as metallic silk
organza, were produced for traditional fashion in India, dating back to the mid 18 century
[1].The conductive threads can consist of fully metal filaments (Cu, Ag, Au, Al, Steel) or a

combination between metal filaments and base yarns or fibres (nylon, cotton, polyester,
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polyimide). The metal filaments are produced by a mechanical process called wire-drawing
[26]. These filaments can be twisted together with the base fibres using a textile spinning
machine; this spinning process will result in much more compatible threads for sewing due
to improved flexibility. Another technique to make conductive threads is by metal-coating
base yarns. This technique is less complex and develops a much softer conductive fabric.
However, the threads cannot withstand heat unlike fully-metal filaments; therefore, they are
unsuitable for soldering. Google’s Project Jacquard’s yarn is unique since instead of using
metal fibres, they used insulated copper core twisted with common yarn making it easy to

solder these yarns and customize their looks [27].

2.2.2.2 Textile-based Sensors

Different textile materials, sewing, and weaving techniques have been explored in
order to create a textile that could electronically react to different stimuli and the
environment. The following sections will discuss the fabrication process and properties of
various existing textile-based sensors. Although there are some developments in inkjet-
printing and screen printed smart materials on textiles, in this section, we will focus on

purely fibre-based and textile-based sensors.

2.2.2.2.1 Muscle Actuated

2.2.2.2.1.1 Touch

Touch-sensing on textiles uses the principle of capacitive sensing where an area of
conductive surface emits electric field that upon a presence of finger results in a change of
capacitance [82,83]. Post et al. designs a musical jacket where they embroidered conductive
threads as touch inputs on a fabric as shown previously in Musical Jacket [1]. The
conductive surface was made sure to have good sensitivity to touch by parallel and multi-
layer embroidering that reduces the impedance of the keypad. A plush game-controller was
developed by Adafruit by using conductive fabrics as the input surfaces as shown in Figure
2.6. The fabric was cut into certain shapes then sewn onto a base fabric with the micro-
controller embedded inside the plush to detect change in each input’s capacitance.
Conductive fabric can also be used for proximity sensing of fingers providing that the
sensing circuit is sensitive enough to detect small change in capacitance as demonstrated by

Freed and Matson with their interleaved conductive matrix fabric touch sensor [28].
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Figure 2.6: Adafruit’s plush game-controller (reprinted [29]).

2.2.2.2.1.2 Pressure

There are two methods of pressure sensing: capacitive and resistive-based. Commonly,
pressure sensing consists of a spacer in-between two conductive layers. Meyer et al. used a
textile insulator in-between a common electrode fabric and an embroidered array of
electrodes for activity detection (sitting postures) on a fabric surface [30]. The spacer is
chosen to be squishy to improve comfortability of the pressure sensor. However, there are
some challenges in that capacitive-sensing circuit is not only more complex to implement,
but there is also hysteresis and fixed pattern noise behaviour observed requiring an
adaptation algorithm for the measurements to work reliably. Resistive sensing uses a piezo-
resistive fabric as a middle layer, where its resistance changes as a force is exerted. Even
though hysteresis also exists in this case, the sensor is relatively easy to interface and gives a
much higher and stable dynamic range.

A unique thin pressure sensor was demonstrated by Enokibori et al. Hollow conductive
fibres were sewn in warp and weft fashion, and the intersections between these two lines
acts as the sensing points [31]. As a pressure is exerted on these points, the distance between
the fibres is reduced, increasing the capacitance at the sensing point and vice versa. This

approach works with only one fabric layer; therefore, does not require a multi-layer design.
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(b)

Figure 2.7: a) Meyer’s capacitive-based b) Bhattacharjee’s resistive-based textile pressure

sensor array (reprinted [30,32])

2.2.2.2.1.3 Position

Similar to how touchscreen works, position sensing can be realized by an interleaved matrix
of connections as shown in Figure 2.8 below. Using piezo-resistive fabric, a matrix of
machine-sewn conductive threads does not only detect position of multi-touch, but also the
pressure profile on the fabric [6]. Recently, using a customized yarn and an industrial textile
manufacturing process, Poupyrev et al. implement a woven fabric with gesture sensing
capability [27]. The woven fabric also comprises matrix of conductive threads. The

positioning mechanism is realized by applying projected capacitive sensing.

(a) (b)
Figure 2.8: a) Piezo-resistive fabric multi-touch pad b) Jacquard interactive fabric (reprinted
[6,27])

2.2.2.2.1.4 Strain

Strain sensing in fabrics can be realized by several techniques. One way is to coat common
fibres or threads with polymers that are either intrinsically or extrinsically conducting. It is
usually made by uniformly-coating doped poly-pyrrole (PPy) which is an  inherently
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conducting type of polymer or carbon-loaded rubber (CLR); the electrical property that
changes due to strain in this case is resistance [33]. On the other hand, fabric stretch sensors
by StretchSense are capacitively measured based on the geometry of deformation (expansion
of fabric electrodes) [34].

Another way to develop fabric stretch sensors is by knitting piezo-resistive threads along
with conductive and normal threads as demonstrated by Kobakant [35] or sewing
conductive threads in certain patterns such as zig-zag and overlock patterns in a stretchy
fabric [5,36]. The resistance of these fabrics will change based on the tension applied that
could either compress the fabric to become more conductive or separate the thread structure
from contacting each other to become more resistive. These techniques usually have a very
low baseline resistance and limited dynamic range. They also do not have resilient structural
stability, thus are poor in repeatability.

2.2.2.2.1.5 Stroke and Bend

Figure 2.9a illustrates a novel design of a textile sensor that responds to stroke. The fabric
sensor consists of a large amount of conductive and non-conductive thread spikes, forming a
sequence of bridges or switches. As the fabric is stroked, these spikes touch each other and
form electrical connections between them that will be read by the electronics as a change in
resistance. A mix between conductive and piezo-resistive threads on these spikes will also

give a much more dynamic response [35].

(b)

Figure 2.9: a) Kobakant’s one-directional stroke sensor b) Finger bend sensor (reprinted [35])

Fabric bend sensor is developed from a creative process of exploring different configurations
of fabric sensors. Figure 2.9b shows an example of how piezo-resistive fabric interconnected
with conductive threads can be used as a bend sensor in a smart-glove to detect finger
movements. The fabric goes into stress and strain, depending on the angle of bend, changing

its resistance accordingly.
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2.2.2.2.2 Other types

2.2.2.2.2.1 Temperature

Some researchers have developed and studied the performance of metal fibres integrated
into textile threads for temperature sensing purposes. Locher et al. realized a matrix of
copper fibres embedded into a fabric to measure surface temperature profile [37]. However,
the grid structure only allows the fabric to measure only one temperature hot-spot due to its
spatial ambiguity. To be able to measure multiple hot-spots, pixelated sensors in
interdigitated pattern are required as demonstrated by Hussain et al. in Figure 2.10 [38].
Their work also compares the sensitivity of different fibres material to temperature change

and parasitic influence of strain and humidity.
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Figure 2.10: a) Copper wires embedded in a fabric by Locher et al. b) Husain et al.
interdigitated fibres embedded in a knitted fabric (reprinted [37,38])

2.2.2.2.2.2 Humidity

Pereira et al. developed a textile matrix sensor to measure the humidity profile by the change
in conductivity of an absorbance layer as shown in Figure 2.11 [39]. The system can detect a
difference in moisture level in the middle layer and also the outer absorbance layers
separately by using an additional multiplexer. This allows the fabric to responsively react to
perspiration. The challenge observed is that the absorbance layer needs to absorb and dry
out quickly for more accurate and responsive readings. Pressure applied to the fabric can
also alter the measurement since it also influences the conductivity. This can be solved by
separately measuring the pressure profile, and then taking this result into account to

neutralize parasitic pressure effects.
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Figure 2.11: Multi-layer structure of a textile moisture sensor (reprinted [39])

222223 pH

To continuously examine a wound treatment process, Nocke et al. fabricated a novel multi-
layer miniaturised fibre sensor that could be woven into fabrics for pH detection [40]. The
fibre, as shown in Figure 2.12 comprises an inner electrode gold wire coated with pH-
responsive hydrogel (PVA/PAA) with sensitivity from 5 to 11. To complete the circuit,
another gold wire is wound as the outer layer. The result shows an impedance change of up

to 14% with respect to a change of pH (6 — 9) with 323kHz excitation frequency.

E Change of
pH-value

pH-sensitive hydrogel Y Y

Inner electrode
Outer electrode

Figure 2.12: Fibre sensor structure for wound pH-detection (reprinted [40])

2.2.2.2.2.4 Chemical

Chemical sensing has attracted a large amount of recent studies, mostly in detecting odours
or gasses (electronic nose). Seesaard et al. produced chemical gas sensors that can be coated
in fabrics between the embroidered interdigitated electrodes [41]. Different polymers (PVC,
PSMA, PSE, and PVP) are mixed with SWCNT to form several composites. Based on the

resistive change of each composite in response to different odours, PCA discrimination is
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used for classification. Another approach, as suggested by Kinkeldei is to use a carbon
black/polymer composite deposited on a flexible substrate. The substrate, can then be woven
into fabrics. Using PCA, four different composites C-(PS, PIB, PVBU, PVP) can distinguish
different types of solvent including Air, IPA, Methanol, Toluene, Acetone, as well as
parasitic influence such as bending [42].

2.2.3 Systems-On-Textile Integration

The previous sections have covered various textile-based sensors and interconnects.
In order to process the electrical change of each sensor, a circuit must be developed and
integrated to the textiles. Several efforts have integrated fabrics with electronics in the form
of individual ICs or the whole circuit board. As for the interconnects, many methods can be
applied including sewing, embroidery, and weaving of conductive threads, or ink-jet

printing, screen printing, fusing of conducting polymers.

Post et al. introduced the concept of e-broidery [43]. Due to the small adjacent distance and
high density pins in current chip packaging for commercial PCBs, they designed packaging
and integration techniques for system-on-textile using special carrier (PTCC), steel threads,
and embroidery techniques. Another technique by Linz et al. is more straightforward in that
the interconnects are sewn or embroidered directly onto a fabric and then looped into
flexible PCB pads (Figure 2.13a) [44]. As an effort to create a much more seamless routing in
e-textiles, Locher explored the possibility of creating a system-on-textile by developing wire-
grid fabric called PETEX, consisting of threads embedded with metal wires (Figure
2.13b)[45]. Interconnects can be realized by cutting intersections by laser ablation and using
conductive adhesive and encapsulation. Fusing interposers would then create a bridge to

connect this wire-grid with IC pads.
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Figure 2.13: a) Flexible PCB pads connected with embroidered conductive yarn (Linz et al.)
b) Integrating circuits into fabrics with wire grids (Locher et al.) c) Multi-layer fabric PCB
(Buechley and Eisenberg) d) Planar screen-printed fabric PCB with Eyelet (Lee etal.)
(reprinted [44-47])

Buechley and Eisenberg demonstrated how to exploit an automated machine such as laser-
cutter with CAD software to develop a multi-layer fabric PCB, as shown in Figure 2.13c [46].
The procedure requires a stack of conductive fabric, heat activated adhesive, and sacrificial
paper. After cutting the design with laser, the patterned fabric is aligned and ironed to stick
on to its fabric substrate. The chip can be then placed into the fabric PCB, carefully soldered
with a flux, and finally encapsulated with epoxy. Lee et al. presented a planar fashionable
circuit board by using screen-printing techniques [47]. This technique requires a mask
development and annealing before and after the printing process. Metal beads and thin gold
wires are attached and soldered to make contacts to the IC before encapsulation. They also
further integrate their process and demonstrate a two-layer technique using an Eyelet which
is a metal connector that can be used as a system-on-textile via, allowing two layers of
screen-printed interconnects on a fabric PCB (Figure 2.13d).

The previously-discussed techniques to integrate electronics into fabric present some
challenges in practice: the rigid electronics would defy the fabric-feel, wearability, and
washability of the e-textile. This challenge has attracted some researchers to develop
electronic systems that can be woven. Cherenack et al. develop electronic fibres with sensing
and display functions woven in a fabric with conductive bus lines. They fabricated
transistors on a strip of polyamides that communicates with sensors (temperature and
humidity) and LEDs as shown in Figure 2.14a. The advance miniaturization of electronic
devices and systems has enabled them to be attached on fibres and still retained

functionality, even after multiple bending and washability tests [48].

Google’s Project Jacquard (Figure 2.14b) showed a significant effort to commercialize
intelligent textiles: from customizing their own yarns, weaving them into fabrics,
connectorizing, to constructing all the components (textiles, connectors, and electronics) into

a functional garment [27]. They implemented current electronics and textile manufacturing
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processes to develop interactive fabric surfaces in a large scale. Another emerging area in e-
textiles is fibre electronics (fibretronics) where researchers explore methods to deposit
organic transistors onto fibres so that in the future, electronics can be seamlessly fabricated

on a fibre and woven into textiles in a low-cost and industrial fashion [49].

(b)

Figure 2.14: a) Woven fabric with sensing and display function b) Full prototype of
Jacquard’s touch-sensitive fabric implemented with minimal electronic systems (reprinted
[48,27])

2.2.4 Applications of Textile-based Computing

Textiles are soft, 3D-conformable materials, as opposed to standard electronics which
has to be built on rigid structures or flexible substrate that can only be bent along one axis at
a time. The fact that textiles are ubiquitous in our life and there has been a significant
advance on making them more functional and intelligent present many interesting
applications. We separate these applications into four main areas: activity recognition,
health monitoring, physical interaction, and interactive media. The first area is in activity
recognition. Attachments of strain sensors on our shirts or knee or pressure sensors in our
shoes for example, could classify body postures which benefits rehabilitation purposes and
sport trainings [50]. Large textile pressure sensor arrays are also useful for location
detection, activity recognition, and medical monitoring when attached to chairs, floors, or
beds [30,39]. For personal health, textile electrodes can be embroidered in our shirts to
measure physiological signals such as respiration and heartbeat [44]. Embedding textile
sensors and actuators on garments could also be beneficial for thermal regulation, sweat
analysis, and near-infrared spectroscopy [23].

In the area of physical interactions, besides musical controllers that will be further discussed

in this thesis, having gesture and pressure sensitive textiles as a control surface could be

useful in smart-home, automotive, and apparel applications [1,23,27,43]. The attachment of
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textile actuators and display in fabrics also allows us to express ourselves and communicate
in a novel way [50,51]. Current applications have showed a great prospect in future textiles

as new materials and integration strategies are introduced.

2.3 Multi-modal Electronic Skin and Sensate Surface

Biological skin is the most profound example of a flexible, multi-modal, fine-grained,
dense sensor network. Having electronic skin with such capability could therefore catalyse
new developments in areas such as human augmentation, robotics, prosthetics, and
medicine. Inspired by the capability of our somatosensory system, many researchers have
started to develop and deploy electronic skins as distributed sensor networks. Figure 2.15a
shows Tribble, a polyhedron decentralized sensor networks composed of patches of multi-
modal sensors (FSR, whisker, light, temperature, microphone) and actuators [53]. As
materials, fabrication technologies, and system integrations become more advanced, it is
now possible to develop electronics on novel substrates; these advances therefore triggered
new research areas such as Electroactive Fabrics and Epidermal Electronics [33,54]. Son et al.
fabricated a skin patch with sensing (temperature and strain), actuation (drug-release), and
storage (non-volatile RRAM) capability [55]. Even though these miniaturised electronic
systems are not currently scalable and low-cost and there are still many challenges
remaining, such as in miniaturizing the processing, power supply, and transmission
modules, these findings show a promising future towards the invisible and ubiquitous

electronics.

Figure 2.15a) Tribble: a tactile reactive interface b) A multifunctional skin patch by Son et al.
(reprinted [53,55])

On the other hand, there are also efforts in realizing sensate surfaces on a large scale. ZTiles

for example, consists of pixelated tiles forming a mesh sensor network with each tile

containing 20 FSR pressure sensors [53]. Gong et al. explored novel conductive inkjet
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printing on a flexible substrate to develop a one layer, multi-modal (proximity, touch,
pressure) sensing surface [56]. Since it involves roll-to-roll manufacturing, it can also be
fabricated at a large scale, enabling floor or wall sensing applications, for example, to detect
location, foot-strikes, or NFC/GSM signals.

2.4 Project Goals and Contribution

As previously discussed, smart textiles have been experiencing a great development
resulting in several new advances in flexible and deformable musical interfaces. Even
though they are expressive, almost all of them are played only to shape or control sound,
instead of also generating it. This makes them hard to perform and compose music with, as
they are lack of discrete controls. Giovanni ef al. performed a user study on how musicians
interact with deformable interfaces. The results showed that musicians only interact with
these interfaces (squeezing, pressing, pulling, stretching) as a way to manipulate and filter
sound rather than generating it [78]. These controllers therefore are better suited as
expressions or keyboard complements instead of stand-alone pitch generation, especially for

a performance that requires precision.

Verplank in his’ Interaction Design Sketchbook’, argued that buttons are a discrete, sequence
of presses, while handles are analogue, relating to gestures; he used buttons for precisions
and handles for expressions [57]. This is what essentially makes keyboards and other
musical controllers adapted from acoustic instruments deterministic, hence there have been
a large amount of efforts in making keyboard controllers more functional and expressive by
adding continuous controls [58]. Since learning a new interface requires a significant effort,
people tend to choose interfaces with which they are most familiar with [10]. Therefore,
some of the extremely novel, lack-of-discrete controls electronic musical controllers did not
survive and mostly there only for personal use and amusement. The ROLI Seaboard is one
successful example of new expressive keyboard interfaces combining discrete and
continuous controls on novel silicone surface; it has gained a tremendous amount of public

attentions since its commercialization.

The overall goal of this research project is therefore to build a multi-sensory, fabric-based,
expressive keyboard controller. Even though portable keyboards made out of flexible PCB
already exist, and the DIY community has developed many textile pianos, most of them are
only discrete, touch sensitive, or a simple textile switch [1,35]. We are interested in making
an expressive instrument based on current advances in smart-textile combining discrete and
continuous controls. A fabric-based musical controller, besides giving a soft, new tactile

experience, can also be stretched, squeezed, pressed, pulled, twisted, and even worn
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enabling new novel interactions in musical performances. Figure 2.16 illustrates our first

conceptual sketch of the “StretchyKeyboard’: A fully-fabric based, musical controller.

A~

One hand in keys and one hand stretching Both hands playing and stretching keys

Pressing, stretching, rotating keys

Stretching specific ponls; /

Figure 2.16: “StretchyKeyboard” concept in early sketches

The background research of this work has covered two main areas: electronic musical

controllers and electronic textiles and ultimately converges to new keyboard interface and

multi-modal sensate surface. Based on the dual relationship between electronic musical

controllers and sensor systems [59], this research will give two main contributions:

e A fabric-based, electronic musical controller combining discrete and continuous

controls. A multi-sensory fabric keyboard as a deformable musical interface.

e The design and implementation strategies of a novel electronic sensing system in

textile-substrate. A multi-modal (proximity, touch, electric field, pressure, stretch)

fabric sensate surface as well as other fabric interfaces (continuous position sensing)

for physical interaction media.
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Chapter 3:
Multi-sensory Fabric Keyboard

3.1 Structure and Construction

The stretchable keyboard is a textile-based electronic skin that comprises one octave
of keys with multi-modal sensing capability, as illustrated in Figure 3.1 below. Multi-layer
fabric sensors that could detect discrete and continuous signals of touch, proximity, induced
hum, pressure, and stretch simultaneously were embedded and machine-sewn on each key.

Table 3.1 describes each sensing modality in details.

Fabric ribbon connector

Main hub: soft-hard interface

Conductive thread interconnects
Base Knit fabric

a®
o
it

Serpentine interconnects

1 Conductive fabric \ ..o

2 Knit fabric
3 Conductive fabric
4 Mesh fabric
5 Piezo-resistive fabric
6 Conductive fabric

7 Piezo-resistive fabrics j

Figure 3.1: Textiles structure of the multi-modal fabric keyboard
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Sensing

. Number Layer Location and Structure Modes
Modality
Proximity 12 1t Each key, floating Continuous/Discrete
Hum Continuous/Discrete
Touch Discrete
Pressure 12 3rd - 6th Each key, sandwich structure Continuous
Stretch (Keys) 1 6th - 7th In-between keys, adjacent Continuous
zebra-pattern
Stretch (Fabric) 4 6th - 7th One at each left and right side, Continuous
two at the bottom side,
adjacent structure
Ribbon 1 Additional Modular (snapping) Continuous Optional touch,
controller proximity, and pressure
(x-slide)
Trackpad 1 Additional Modular (snapping) 2D Continuous Optional touch,
(xy-slide) proximity, and pressure

Table 3.1: Detailed information of each sensing modality with additional fabric interfaces

(ribbon and trackpad controller)

At the outermost layer of each key, a floating conductive fabric was fused onto a substrate

fabric (as a separation layer) with heat-activated, iron-on fabric adhesive. The floating fabric

electrode functions as a touch sensor as well as either a proximity or passive electric field

sensor. Below a separation layer, another conductive fabric was fused as a part of the

pressure sensing elements. The separation layer with conductive layers at both sides was

then transferred and sewn to the main fabric. This transfer process reduces the chances of

different layers accidentally connecting and shorting to each other while sewing considering

the space constraints. The embedded fabric pressure sensor consists of the previously

transferred top electrode (bottom of separation layer) sewn on top of a mesh fabric with

piezo-resistive fabric and common-ground fabric behind it. This results in a sandwich

configuration with mesh and piezo-resistive fabric in between two conductive layers. The

necessity to include mesh fabric as a part of the pressure sensing elements will be explained

later in Chapter 4. This multi-layer structure lies on top of the stretchable base fabric.

38




Behind the fabric substrate, stretch sensors were attached at the edges of the fabric and in-
between keys. Zebra pattern of conductive/piezo-resistive fabric was sewn so that each
pressure and stretch sensor element does not give parasitic influence to each other. One side
of each stretch sensor was connected to the interconnect lines while the other to the common
ground fabric. Sewing two electro-active fabrics to one another using common threads
connects them to each other resembling a contact via in IC. The common ground fabric
considerably reduces the complexity of the interconnects, as it cuts the number of sensor’s
interconnects by approximately half. Instead of having two interconnects for every pressure
and stretch sensor on the fabric, which results in 34 interconnects, using a common ground

fabric reduces the interconnects to 18, or by 47%.

@ (b)

Common ground Thread interconnects Fabric ribbon connector Thread bonding  Serpentine conductive thread

Figure 3.2: Main thread interconnects with the keyboard b) The bridge between the fabric
ribbon connector and the main interconnects c) Stretch sensor sewn with conductive thread
in serpentine structure and to ground with thread bonding (the common ground fabric is on

the other side)

As illustrated in Figure 3.1, all of the fabric sensors have access to the base fabric for sewing
their interconnects. The stretch sensors at the edges were connected to the main
interconnects using serpentine patterns (Figure 3.2c); this was to ensure that upon stretching
the fabric, these interconnects will be able to adapt to the elasticity preventing them from
breaking. A total of 30 conductive thread interconnects were sewn to connect each fabric
sensor to its read-out (Figure 3.2a). The dense conductive thread interconnects lead to the
right corner of the fabric, where there is a soft-hard terminal for plugging the circuit board

in the form of a PCB through a customized fabric ribbon connector (Figure 3.2b).
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The design decision to incorporate pluggable connectors besides its function to bridge all of
the sensory inputs to the “brain” for further processing originated from several motives

including:

« Full separation between the soft elements, the fabric keyboard, and the hard element, the
circuit board, making it possible for the performer to interact freely with the keyboard.
Gestures such as lifting the fabric, stretching, twisting, and grasping are then possible

and interactions will become more fluid.

e Customizable and modular circuit module. The fabric keyboard, which has a great array
of sensors and modalities, facilitates multiple sensing methods. In this work, we
demonstrated two PCBs capable of sensing proximity and passive electric field
respectively. The modular circuit module also allows user to set their own
communication interface, such as wired for Direct Serial or MIDI through USB, wireless
for OSC through BLE/Wi-Fi connectivity, or direct connection to an onboard analog
synthesizer with build in speaker. This design decision gives full flexibility towards

further development of this fabric sensate surface as a musical controller.

» Customizable and modular sensate surface. The connector also enables the concept of
extendable fabric keyboard. By master and slave configuration, each sensate surface can
own a local processor that is responsible for getting all the sensor data of its vicinity and

as a slave, periodically sending it to the master.

e Finally, having a separation between the soft and hard circuits extends the usability of
this fabric keyboard. For example, when the user only wants to wear the fabric as a scarf
or a decoration instead of as a controller or when the user wants to wash this fabric, the

rigid module can be unplugged.

3.2 E-threads and Stretchable Interconnects

There are several methods in developing conductive threads as previously described.
In this project, different types of conductive thread as shown in Figure 3.3 were tested to
show whether they are machine-sewable and suitable for low-resistance interconnects. Most
of the commercial threads are meant for hand-stitching in the DIY smart-textile community
and are not necessarily machine-sewable. Since this project focuses on using automated

processes in such a way that multi-layer smart fabrics can be produced in a short term and
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at scale, SINGER XL-150 was used as the sewing machine. The choice of threads and the

tension settings of a sewing machine are crucial in order to sew with consistent results.

Orth covers different conductive threads mechanical and electrical properties that are
suitable for commercial sewing and embroidery processes in more depth [60]. Silver-coated
nylon thread, even though is perfect for sewing and embroidery as either or both top and
bottom threads, is usually highly-resistive (100 {)/cm) and poor in quality especially after
multiple washing. It is more applicable for making resistive paths or sensors rather than
interconnects. There is also multi-stranded silver-coated fibres thread available. In this case,
the thread is very conductive (0.15 QQ/cm) but due to its hairiness and inflexibility, is difficult
to sew with. Even though purely stainless-steel fibre thread is slightly thicker, making it
incompatible as top thread, it was chosen for our main interconnects based on its
compatibility as a bobbin thread, moderate conductivity (0.6 - 0.8 (O/cm depending on 2/3-
ply) and durability.

Figure 3.3: From left to right, Plug and Wear conductive yarn, LessEMF silver-coated
threads, Liberator 40 silver fibres, (in rolls) Sparkfun stainless-steel thread 3-ply rough and
smooth, Adafruit stainless-steel thread 2-ply (in bobbins).

The deformable nature of the sensor surface requires the development of stretchable
interconnects. This is to ensure that when the fabric is stretched to its maximum allowable
strain, there will not be any tension applied on the thread interconnects that could result into
fractures. Stretchable materials and structures have attracted a great amount of research
interests in the last decade, especially in the emerging area of conformal systems such as
epidermal electronics, biocompatible sensing, stretchable displays, and other smart
elastomeric surfaces [54,55]. Most of the current research on soft and stretchable electronics

use silicone such as PDMS or Ecoflex as the substrate. The interconnects, such as Au or Cu,
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are deposited using micro-fabrication techniques. Other methods, such as embedded
printing and screen printing of metal-polymer composite such as AgPDMS and cPDMS have
also been introduced. However, these techniques are not cheap, fast, and scalable; therefore,

are unsuitable for large sensing surface development.

Textile, on the other hand, is an attractive substrate for large sensing surface. Besides being
omnipresent in our environments, textile production processes have existed for a long time
and capable of large-scale manufacturing; for example, long arm sewing machine and
jacquard weaving. Even though textile electronics have been well explored recently, the
focus has been mainly on weaving smart fibres, large pressure sensing arrays, and
embedding textile sensors on shirts. Knitted fabrics made out of lycra or spandex, based on
their unique structure and exceptional fibre elasticity, has a relatively high stretchability,
thus is a good candidate for a stretchable sensing surface. Since there are not any resources
that perform in-depth analysis of stretchable interconnects on textile platforms, this part will
cover different approaches in realizing stretchable interconnects for system-on-textile using

current textile materials.

I. Solid Substrates Il. Flexible Substrates

Ced @)

Coplanar type Compound type

11, Stretchable Substrates
Non-coplanar type

Figure 3.4: Electrical routings on solid, flexible, and stretchable substrates (reprinted [61])

Hocheng and Chen reviews current approaches on stretchable interconnects on elastomers
as shown above in Figure 3.4 [61]. There are three types of routing: coplanar, non-coplanar,
and compound. Coplanar routing relies on the serpentine structure of rigid interconnects
that allows stretchability. In textiles, this can be done simply by using a special type of
stitching pattern such as a zig-zag pattern on conductive threads. Other complex structures
with more stretchability, such as horseshoe or self-similar patterns, can be done by using

sewing-machine with CAD capability. The zig-zag pattern, when it is sewn, appeared to
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have smoother edges that look closer to serpentine due to the tension on the conductive

thread as a bobbin. This is shown in Figure 3.5.

The theoretical effective stitch length of a zig-zag interconnect is given by,

0
initial length = NL or 2W tan (—) (3.1

2
VW2 + 12 2w
ef fective length = N > or 0 (3.2)
cos(i)

From these equations, the maximum strain can be calculated as,

. (0
Al 1 (w2 1—Sm(§)
max strain = T=5 |17 +1-1 or ——— == (3.3)
sin (7)

by changing the width and loop length or the angle of a serpentine structure, one can

estimate the stretching limit of a serpentine routing.

L
<>
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R "9 /

Standard straight stitch

Zig-zag stitch

\
i\ =) DPre-stretching straight stitch

Fused knitted conductive fabric

(a) (b)

Figure 3.5: Three different types of stretchable routings on fabric; a) unstretched and b)
stretched

It is important, however, to note that the maximum allowable strain on stretchable routings
is given by the stretchability of the structure, and the maximum allowable strain of the
interconnects itself. Even though conductive threads have a relatively high tensile strength,
it could usually stand strain only up to 1% [62]. The tensile strength of a conductive thread is

largely influenced by the tex or density of the fibres.
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The second routing, which is the non-coplanar type, can be done by pre-stretching the
substrate before sewing. The stretchability is given by the buckling mechanism and can be
defined by how long the substrate is pre-stretched. This method, however, is more
complicated than the previous method for large sensing surface, since it requires a setup that
uniformly pre-stretches the entire fabric substrate. The third method involves an
intrinsically stretchable material. One approach is to cut knitted conductive fabric in ribbons
as shown in Figure 3.5. The conductive fabric from LessEMF could be stretched up to 100%.
Double-sided iron-on fabric was used to fuse the stretchable ribbon fabric to the substrate by
heating the layers. This method nevertheless is not suitable for dense and low-resistance
networks since a wide ribbon is needed for a low interconnect resistance and a thin ribbon

acts more as a stretch sensor than a routing.

Observation of these results concludes that the coplanar method, which involves sewing in a
serpentine pattern, is the most suitable option for this purpose, as most of the commercial
and industrial electronic sewing machines nowadays have this capability. The method is
also the most straightforward, as it does not require any preparation or preconditioning.
Another method that has not been mentioned is to print electronic materials, such as

conductive ink using screen-printing or inkjet-printing as a compound type routing.

Several companies such, as DuPont have been developing conductive inks for stretchable
interconnects especially for textiles using silver or carbon mixed with elastomers [63]. For
large scale fabrication, this method could perform faster than sewing or weaving. However,
there are several challenges in printing electronics on such a novel substrate. The first one is
that it needs an interfacial layer to reliably print the interconnects as a substrate with certain
surface properties as required for a good ink contact; this also means that woven textiles,
where the fibres structures are more dense, are preferable than stretchy knitted fabrics
which have a relatively considerable gap in their structures. In addition, there are some
limitations in engineering the stretchability, unless methods previously discussed here are

also applied.

Using conductive threads is particularly interesting in this project, because it covers the
design and implementation strategies of fabric sensate surfaces using a sewing machine,
anyone who knows how to sew and hand-stitch can also apply these strategies to make their
own intelligent fabrics. The materials and equipments used in this project are easily
available. Anything that can be machine-sewn can be fabricated at large scale, and in
contrast, it can also be hand-stitched, allowing this project to contribute also to the DIY

community.
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3.3 Electroactive Fabrics

Realizing a stretchable sensate surface requires not only stretchable interconnects,
but also stretchable fabric substrates and sensors. Figure 3.6 below shows some fabrics that
were used in the project. Note that all the fabric used in the fabric keyboard, electroactive or
not, are four-way stretch, while the additional controls such as the fabric trackpad and

ribbon-controller, use a combination of woven and mesh fabrics.

(a)

Figure 3.6: a) Knitted (common, mesh, conductive, piezo-resistive) and b) Woven (jeans,

satin, conductive taffeta, conductive woven) fabrics used in this project.

There are currently many types of conductive fabrics: woven, non-woven, and knitted and
many techniques in producing them: coating and weaving or knitting conductive or mixed
nylon-metal fibres. Several types of conductive fabric were obtained from LessEMF Inc as
listed in Table 3.2 below. It can be seen that knitted conductive fabrics, even though are
stretchable up to twice its length, have a slightly higher surface resistivity than woven

conductive fabric due to the fact that they have less structural density.

Fabric Type Composition Surface Stretch
Resistivity
Stretch Conductive Fabric Knitted 76% Nylon 24% Elastic <0.5 Q/sq 100% length
fibre Ag coating 65% width
Soft & Safe Fabric Woven 70% Bamboo fibre 30% <1 Q/sq -
Silver fibre
CobalTex Fabric Woven 100% Polyester Ni/Cu/Co <0.1 Q/sq -
fibre
Copper Taffeta Fabric Woven 100% Polyester Cu fibre 0.05 Q/sq -

Table 3.2: Properties of different conductive fabrics
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Table 3.3 below shows three different resistive fabrics customized for this project. Woven
resistive fabric made out of carbon fibre woven in a polyester fabric is particularly useful for
making fabric potentiometer. Piezo-resistive knit fabrics on the other hand, based on their
electrical behaviour that changse upon force and strain, can be used for pressure and stretch

sensing. The piezo-resistive fabrics in this project were obtained from Eeonyx Corporation.

Fabric Type Composition Surface Stretch
Resistivity
Ex-static Resistive Fabric Woven 13% BSAF Resistat 10°Q)/ sq =
87% Polyester
LG-SLPA Piezo-resistive Knitted 9% Elastane 104- 105 Q)/ sq 140% width
Fabric 91% Nylon (on request) 90% length
PPy coating
LTT-SLPA Piezo-resistive Knitted 28% Elastane 104 - 107 Q) sq 155% width
Fabric 72% Nylon (on request) 105% length
PPy coating

Table 3.3: Properties of different resistive/piezo-resistive fabrics

There are two main approaches in producing piezo-resistive fabrics: by immersion of fabrics
into polypyrrole (PPy) or carbon-loaded rubber (CLR) solution [33]. A work by Li et al.
describes the procedure of making a PPy-coated fabric with two methods which yse CVD
and solution polymerization [64]. Both methods involve immersion of substrate fabric to
sodium and ethanol solutions before deposition and annealing. Using CVD will deposit a
fine thin layer of PPy on the fibres, which means a high strain sensitivity, while solution
polymerization method will result in a thick non-uniform layer of PPy, making it less
sensitive to strain; however, with good mechanical stability. Therefore, a compromise of
these two methods is proposed in order to develop piezo-resistive fabrics with good
electrical and mechanical properties. A similar technique could be done to develop a CLR-
based fabric sensor by coating the fabric material with a composite of carbon and silicone

before annealing.
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3.4 Soft-hard connections

In this section, integration strategies are explored to connect the fabric sensate

surface to its read-out circuit in the form of either flex or board circuits.

Unlike stainless steel threads, purely silver -fibre conductive threads are mostly solderable.
However, since we used stainless threads as it is machine-sewable, and we would like to
develop a plug instead of soldering a direct connection, female-type connectors were
considered instead. The first trial used FFC connector generally used for ribbon flat cables.
Since this type of connector has two holes on each pin and a snap, it worked reliably by
looping the conductive thread several times before clamping it. However, a couple of short-
circuits occurred mostly because of the short pitch between the pins and the dense
interconnects. This can be solved by encapsulating each thread, even though it would take a
relatively high effort. A customized soft-hard connector was built instead at the end by
stripping the wires common female ribbon connector and making a loop, as shown in Figure
3.7 below. The thread was then tightened to this loop and a low-temperature silver paste
was applied to ensure a firm connection before sealing it. This mechanism proved to work
better, since it is less dense and provides a robust connection, especially when there are a lot

of movements on the fabric.

(@) (b)
Figure 3.7: Connectorization with a) FFC and b) customized female ribbon connector
Another soft-to-hard connection for the additional controls of the keyboard is shown Figure
3.8. Since the ribbon-controller and trackpad were designed to be plug-and-play and

modular, common fabric snaps were used as their connections to the main keyboard,

because they are already conductive.
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Figure 3.8: a) Ribbon-controller with snap connector (male) b) Trackpad with snap connector
(male) c) Keyboard with a snap hub (female)
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Chapter 4:

Sensor Design and Characterization

4.1 Sensing Elements

In this section, we will cover the design of each sensing modality, as well as its characteristic.
Design of the additional controls: ribbon-controller and trackpad, will also be covered in

Chapter 4.2. For further sensor analysis, refer to Chapters 5 and 7.

4.1.1 Touch and Proximity

The touch and proximity sensing in this multi-sensate surface are based on capacitive
coupling between our hands a conductive plate. There are other possible techniques [83],
such as using multiple elements, where finger approach disrupts electric field coupling
between a pair of electrodes, allowing a new current path to ground; or using a conductive
electrode attached on our hands where one of the electrode acts as a transmitter and the
other, as a receiver resulting in a much more sensitive response to proximity using high
frequency coupling. These techniques do not meet the design constraint, since we would like
each key to respond to proximity. A single electrode mechanism with one layer of
conductive fabric was then constructed as shown in Figure 4.1 below where there is an
electric-field change between the finger (virtual ground) and a charged electrode. The total
capacitance this floating electrode can be measured by using Equation 4.1 and 4.2 below,
where A represents the area of overlap, &, is the relative permittivity, ,is the electric
constant, and d is the separation distance between the two plates.

ErEQA

Ceotar = Cfing + and + Cony  (4.2)
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Figure 4.1: a) Electric field lines between a conductive fabric top layer and an approaching

finger b) two hands hovering around the poly-proximity keyboard

Figure 4.1b shows an example application of our poly-proximity keyboard, where the hands
can hover in the air to trigger discrete notes and then towards and against the keys to
control sound parameters similar to a laser harp. Proximity sensing ultimately uses the same
approach as touch sensing, but with much more sensing resolution and sensitivity on the
read-out to detect this very small change of capacitance. In this project, the MPR121
Proximity Touch Controller was used. The fact that this capacitive sensing chip has 12
floating inputs, great sensitivity, and features proximity/touch threshold detection makes it

suitable for the purpose of building one octave keyboard.

Several tests were conducted on this controller to see the influence of sensor’s property to
the sensitivity and dynamic range of reading. The results of these tests can be observed in
Figure 4.2 below. It shows that the conductivity and area of each sensor contribute towards
its sensitivity and dynamic range. In general, the capacitance drops exponentially as a finger
approaches closer to the surface and then sharply triggering a touch event from the
controller chip. Therefore, the touch state can also be defined as the condition when the

proximity is close to the “zero” level.

Conductive woven fabric is shown in here to perform better than knitted fabric, since it has a
greater conductivity, as listed in Table 3.2. With a pad size of 12x12 cm, proximity of up to
20 cm can be detected, while 18 cm is the maximum distance detectable by the knitted sensor

pad. Cutting the sensor pad to a smaller size (in this case, representing a piano key), also
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reduces its response further to 12 cm. These observations agree well with Equation 4.1 and

4.2 above.
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Figure 4.2: Capacitance change from finger approach, touch, and release on three different

scenarios showing both proximity capacitance value and touch state

We observe a considerable increase in sensitivity and linear response of up to 25cm as

shown in Figure 4.3 when using the multiplexed sensing feature or ‘13" electrode of

MPR121. This is because multiplexing all electrodes gives an effective large sensing surface

area of 22x12cm; note that multiplexing here means the grouping of all electrodes into one,
as described by MPR121 [71]. This feature has not been much exploited, even though it

could have many interesting applications especially in low power electronics. For example,

by letting the system to sleep while the sensors periodically detect an approach. In musical

controller perspective, a performer could have the option to change from poly-proximity to

multiplexed-proximity by triggering a switch or perhaps, the controller could automatically

transition as their hands wave from higher distance towards near proximity.
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Figure 4.3: Multiplexed sensing capacitance change in response to approach

4.1.2 Electric Field

Another modality that has been explored in this project is the ability to sense
electromagnetic field, specifically electric hum. Zimmerman et al. describes several
approaches in using electric-field as physical interaction interfaces [65]. As shown in Figure
4.4, our body can act as either a shunt disrupting electric field between a transmitter and a
ground, as a transmitter, by coupling our body to a transmitter itself, or as both by crossing
over between these modes. The fact that electromagnetic waves are all around us makes us a

“living transmitter” or “living antenna” and motivates the exploration of this approach.

Figure 4.4: Human body as a shunt and as a transmitter (reprinted [65])
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AC noise from the main power line that typical ranges from 50 to 60 Hz depending on the
country, generates one of the strongest electromagnetic background around indoor
environment that easily gets coupled to our body. By directing this to an IV converter, as
covered in the next chapter, we can detect the strength of this AC coupling. Figure 4.5 shows
the waveforms of this AC hum sensing on 2x12 sensing pad in two situations (closer and
further away from the main source). It can be observed that we can measure the current

coupled by the mains hum to our body to detect both touch and proximity.

approaching/against  touch/release = Close
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&
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Figure 4.5: Passive AC hum detection with finger approach and touch in two cases: closer

and further away from the EMI source.

When our body is further away from the main source (red), the proximity effect is visible up
to 5 cm from the pad and jumps to a steady value as our finger strikes to the pad.
Controlling the trans-impedance gain and band-pass gain of the circuit could improve the
dynamic range. On the other hand, the signal strength is largely amplified when our body is
closer to a main source (blue) resulting in a more sensitive reading to proximity of up to 10
cm. The size of the pad does not influence the sensor response that much, as the approach
deals more with the current magnitude than field coupling. Threshold calibrations are
crucial in this method to detect both touch and proximity as the response is largely
influenced by our body’s characteristics as an antenna and the electromagnetic noise

strength around our environment.

Nevertheless, the most attractive and novel scenario of using electromagnetic coupling is
when our body acts as a receiver antenna as, illustrated in Figure 4.6. After a finger strikes to
a conductive fabric key, the key then becomes a receiver and the electromagnetic noise
strength picked up by the keys can then be controlled by moving the other hand towards an
electromagnetic source which in this case, is a minimally shielded device connected to the
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power line. The sensitivity depends on the field strength of the source, but in our case, it
ranges from 60cm to 1m. The waveforms reveal the relative distance and different gestures
as our hand approaches a transmitter resulting in an instrument that works similarly as a
theremin. This enables us to continuously control certain sound parameters by performing

non-contact gestures while as well in contact physically with the keyboard
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Figure 4.6: a) Current transfer between a source and poly-receiver b) Waveform of electric
field sensing as a finger touches and the other hand waves towards and against the source
(red dots show the distance of our left hand relative to the source)

4.1.3 Pressure

There are many fabric pressure sensors existing, mostly capacitive or resistive-based.
Capacitive fabric pressure sensors are challenging to implement, since common textiles
perform as a bad dielectric and it is very challenging to make a reliable interface between
each layer. Their permittivity as an insulator could change over a number of uses, time, and
condition. The systems to implement them are also rather complex, and mostly require
oscillation-based circuits due to the small change in their capacitance [30]. Therefore, based
on these observations and because of the nature of this project, resistive fabric pressure
sensing was implemented instead. Even though there are several piezo-resistive sheets
around, they are mostly woven or non-woven, such as Velostat. Using knitted fabric for
every part of the sensate surface is particularly interesting in this project, since they are soft,

conformable, and deformable, supporting the basis of this work.
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The pressure sensing element, as illustrated in Figure 4.7, is a multi-layer structure made out
of piezo-resistive fabric and mesh fabric sewn in between two conductive fabrics. The piezo-
resistive fabric is a knit fabric coated with PPy conductive polymers in certain concentration
that can be requested. In this case, we used Eeonyx LTT-SLPA-20k, its characteristics can be
seen in Table 3.3. Since it is piezo-resistive, the resistivity of this fabric changes with force.
Similar to how an FSR works, a higher pressure compresses the conducting molecules
coated onto the fabric. These molecules then form a network with each other, allowing more
current to flow and reducing the resistance around the area in contact. Therefore, the larger
the force area is, since these networks can be assumed in parallel (Figure 4.7b), the lower its

total resistance becomes.

Force

Ri22221]

SR

(b)

Conductive layer

Mesh layer

Piezo-resistive layer

Conductive layer

Figure 4.7: a) Multi-layer structure of fabric pressure sensor b) Resistance network in a

piezo-resistive layer

The decision to include mesh fabric in the structure manifested from the non-uniformity of
resistance baseline values after the first development of this pressure sensing fabric. It was
experienced that, as the sewing line gets closer to and further from the border of the piezo-
resistive fabric, the tension applied by this straight stitch around the sandwich structure of
the fabric changes considerably, resulting in a non-uniform resistance baseline even when
the fabric is on its uncompressed state. The introduction of a mesh layer solves this problem,
as it will separate the conductive fabric with the piezo-resistive fabric and avoid tensions

and accidental contacts between them.

Nonetheless, adding a mesh layer as a part of the pressure sensing element could possibly
reduce the sensitivity of the pressure sensor. We then experimented and characterized
different types of mesh fabric to test the relationship between the gap size and thickness
with each sensor’s sensitivity. As shown in Figure 4.8a, three types of mesh fabric were
tested: a purple thick nylon-spandex mesh (diameter:0.5mm), a white thin net mesh

(d:1mm), and a teal polyester knit mesh (d:3mm).
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Figure 4.8: a) Mesh fabrics under-test b) Pressure sensor’s response to force with different

mesh fabrics

Figure 4.8b shows the characterization results of fabric pressure sensors with and without
mesh fabrics inside. Several values of mass were applied on top of a supporting base with a
diameter of 1.7cm representing a finger surface. The force applied (0-18N) is sufficient
enough to get an idea of typical piano keystrokes [66]. The results explain that even though
the pressure sensor without a mesh fabric is very sensitive towards very low force, due to
the pre-tension as previously explained, the resistance begins with a finite value instead of
infinite (open-circuit) reducing its sensitivity at a higher force. Using a smaller hole and
thicker mesh, in the case of nylon-spandex mesh, is not suggested as it will not be able to

read soft presses.

The options were then narrowed to thin mesh, or knit mesh with a larger gap. Since thin
mesh practically could short the pressure sensors interface if the sewing tension is too high (
since it is very thin), knit mesh was finally the one used. It has a larger gap, which means
that it also responds well to soft presses. This fabric is rather thick and squishy, enhancing
the tactile feel of this pressure sensor. Figure 4.9 shows the measurements taken on the
fabric pressure sensor with a knit mesh. The pressure sensor was connected in a voltage
divider configuration with a 100k(2 reference resistor and then directed to a high-impedance
buffer before going to a microcontroller for ADC reading. It can be observed that this
pressure sensor works reliably and is able to detect soft taps, harder presses, as well as

expressions.
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Figure 4.9: Fabric pressure sensor readings to soft tap, presses, and expression

4.1.4 Stretch

Piezo-resistive fabric was also used in this project for developing stretch sensors.
Knitted fabric, due to its characteristics which are stretchable, sewable, and customizable, is
a good textile substrate for coated stretch sensors. The coated fabric can be cut in different
sizes in order to engineer its base resistance and durability. Not only seamless, coating the
fabric itself with strain-sensitive material also eliminates the necessity of an interfacial layer
or transfer process in the case of a printed or cured carbon-elastomer composite strain

sensor. Their ability to be sewn also makes it possible to integrate them to any fabric.

However, even though knitted fabric strain sensors have been widely used recently by the
DIY community, there has not been any rigorous analysis performed on their electrical
response to stretch. It would therefore be interesting to see how the complex interlocked
structures of knitted fabrics influence their electrical response to strain. By observing these
characteristics, it is possible to study the stretch sensors working range, so that we can
customize these sensors to conform to any particular range and avoid over-stretching them.
The Instron 4411 Universal Testing System machine was used in this characterization to
study the mechanical and electrical response of several fabric stretch sensors with various

strain elongations.

Figure 4.10 shows a piezo-resistive fabric undergoing a strain test. In order to measure the
resistance change, both of the clamps were insulated with electrical tape because it was
found that there is an electrical path between these clamps. A copper tape was then applied
on each insulated clamp before tightening it along with the fabric sensor under-test. These
copper tapes provide connection from each side of the fabric sensor to the read-out circuit

that comprised a potential divider, buffer, and micro-controller. The data from both the
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Instron and micro-controller were then recorded through serial communications to a

computer.
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Figure 4.10: a) A fabric stretch sensor undergoing a strain test b) Characterization results of
two fabric stretch sensors showing three main regions of behaviour

As shown in Figure 4.10b, we can observe the resistance behaviour of stretching two piezo-
resistive fabric cuts (2 x 6 cm) in course (vertical/V) and wale (horizontal/H) directions to up
to four times than their original lengths. There are several interesting features in this
behaviour. We can separate these into three regions and compare them with the typical

behaviour of yarns in knitted fabrics under deformation, as illustrated in Figure 4.11.

+ The initial region (I), which shows an increasing trend, is due to the slippage of yarns
from its relaxed state. As this reduces the contact area between the interlocked points

throughout the fabric, the total resistance increases until it reaches a peak.

o The second region (II) is the most important, since this is the main change that
determines most of the degree of stretch on the fabric sensor. It tends to decrease in
pattern due to the orthogonal compressive stress when the fabric further stretches, as
the loops now strengthen and form a firm contact with each other horizontally,

reducing the total resistance of the fabric sensor.

+ The last region (III), occurs when further tension triggers micro-cracks on the piezo-
resistive coating; therefore, reducing the conductive pathways and its total resistance.
This region should then be avoided since it could damage the ability of the stretch

sensor to return to its baseline value, influencing the sensor’s repeatability.
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Figure 4.11: a) Current density in a knitted fabric b) Deformation of interlocked structure
along wale direction (reprinted from [67,68])

From the previous results in Figure 4.10, it can be estimated that the maximum strain the
stretch sensor could handle is around 100-150%, which is around the maximum
recommended strain of the knitted fabric itself. We then characterized both electrically and
mechanically two types of knitted fabric sensor: LG-SLPA ( 9% Elastane, 91% Nylon ) and
LTT-SLPA ( 28% Elastane, 72% Nylon ) with two surface resistivities (20k and 60kQ) and
different cuts direction (course and wale) in terms of strain applied. All results are shown in
Figure 4.12.

In comparison, it is apparent that having a lower surface resistivity will reduce the
resistance range given by the stretch sensor as more conductive coating is introduced. More
concentration of conductive coating also results in a higher tensile strength. In terms of the
types of fabric, it can be observed that LG-SLPA, with less amount of elastane and lower
stretchability, has a lower resistance sensitivity towards strain, especially in the wale
direction, whereas LTT-SLPA, with more elastane knitted in the fabric, provides a higher
sensitivity in both cases. Based on the mechanical property, the fabric sensors cut in course
direction proved to have lower tensile strength and resistance compared to the stretch

sensors cut in the wale direction.

Knitted fabric structure in Figure 4.11a explains this relationship. Yarn structure in the wale
direction provides slippage and contact points which correspond to its higher tensile
strength, while the yarns in course direction have less slippage and contact tensions with
their neighbours, making the more stretchable upon tension. Therefore, stretch sensors in
course direction tend to be less sensitive in resistance, as its structural change is not as
dynamic as stretch sensors in wale direction; however, this could change as the fabric

becomes more elastic (see Figure 4.12c and d in the case of LTT-SLPA).
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Figure 4.12: Tensile strength and resistance measurement of fabric stretch
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Finally after observing each of the fabric sensor’s properties, we decided to use The LTT-

SLPA-20k fabric, cut in wale direction because of its both good mechanical and electrical

properties. Several observations worth mentioning are:

« Transferring these fabric sensors onto another fabric substrate improves their

reliability, as the substrate provides additional support to recover them back to their

original length.

« This support substrate also increases the ultimate tensile strength of the sensor,

which then correlates proportionally to the tolerable stretching distance.

- Having larger fabric sensor width, although reduces the baseline resistance,

improves the structural integrity of the sensor thus, increases its durability.

Figure 4.13a shows a sample of a fabric stretch sensor sewn onto a stretch knit fabric for

turther testing. The sample was prepared by cutting a ribbon of piezo-resistive fabric sensor

in the wale direction and then sewing conductive thread at both ends of the fabric sensor

onto a stretch fabric substrate.
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Figure 4.13: a) stretch sensor sample b) hysteresis and repeatability test c) square-wave
testing showing relaxation behaviour (strain 40%)
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The result of the first testing, which was to examine the hysteresis and repeatability of the
stretch sensors, is shown in Figure 4.13b. Two fabric stretch sensors, both with similar size,
were stretched back and forth 100 times at 40% and 80% strain. The results confirm the
hysteresis behaviour of the fabric sensors, which is mainly caused by the structural change
of yarns upon tension and relaxation. Both sensors also show a good degree of repeatability;
some noise exists, but this is mainly caused by the initial adaptation of the sensor-thread
interface. A stronger tension when sewing the conductive threads into the fabric will most
likely reduce this noise. Another critical behaviour is the sensor relaxation time, which is
revealed in Figure 4.13c with square wave testing. The sensor undergoes relaxation period
of around 2s, when it is stretched back and adapts its resistance by around 30 ADC points
from the initial value (4.8%). Finally, Figure 4.14 below illustrates some of the applications of

stretch sensors embedded in a stretchable fabric.

(@) (b)

Figure 4.14: Several applications of stretch sensors for physical interaction intended in this

project: a) pulling and b) expanding fingers

4.2 Additional Fabric Interfaces

4.2.1 Fabric Ribbon Controller

The ribbon controller is a long sensate surface that measures position along one axis,
allowing continuous expression by sliding our finger sideways. It is designed to be “plug
and play”; therefore, is modular and can be attached by snapping the metal connectors to

their pairs on the main keyboard. Since there has not been any prior effort in making a

62



fabric-based ribbon controller, different smart textile materials and configurations were
explored in this project. Figure 4.15 shows the structure of various fabrics embedded inside
the ribbon controller. It consists of a multi-layer combination of common, mesh, conductive,
and resistive fabrics. The main substrate allows the integration of these different layers and
provides a base for the conductive thread interconnects to the terminal. Additional stacks for
detection of touch and proximity as well as pressure can be integrated as necessary with a

separation fabric.

conductive

separation

Touch/proximity
(optional) {

resistive
mesh
conductive

Position

base
conductive
mesh
Pressure (optional)q  piezo-resistive
conductive
encapsulation

Figure 4.15: The structure of a fabric ribbon-controller

Figure 4.16 provides two methods of location sensing in a fabric-based ribbon controller. The
first method is based on a voltage gradient between two lines at both ends of a piezo-
resistive/resistive fabric. When a finger strikes the pad, connection is made between the
resistive fabric and bottom fabric through a mesh fabric. The bottom fabric is conductive and
is connected to an ADC to read the voltage in a potential divider configuration. This voltage
value directly correlates to the position of the finger in respect to ground; the ADC input is
high impedance (see Chapter 5.4). The second method is based on calculating the resistance
of a resistive fabric from one edge to the contact point. It requires external reference resistor
to form a potential divider. This configuration could only work with a resistive fabric as

piezo-resistive fabric also has a z, pressure change.
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Figure 4.16: Two methods of position sensing a) voltage gradient b) resistance

The second method was the one finally used since it only requires two instead of three
thread connections; therefore, reducing the implementation effort. Woven resistive fabric
made out of 87% polyester and 13% carbon resistive yarn, in 30cm length was sewn
altogether with mesh and conductive fabric on top of a main fabric substrate with. Figure
4.17a shows the ADC readings of the ribbon-controller in action and its linearization to
resistance (Figure 4.17b). Another thing to note that this method also enables touch-
detection with thresholding since there is a considerable jump observed from the steady
state value as the ribbon detects a touch event. We also discovered a circuit configuration
that could give both pressure and position values of the ribbon connector simultaneously

using configuration in Figure 4.16a. The circuit is illustrated below in Figure 4.18.
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Figure 4.17: a) ADC readings of ribbon-controller testing b) conversion to resistance
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Figure 4.18: Analog circuit for simultaneous sensing of location and pressure in Figure 4.16a

4.2.2 Fabric Touchpad

The development of fabric touch interfaces, especially for gesture controllers, has
received a great amount of interest from the smart-textile community. In this project, we
designed and implemented a fabric trackpad as an extension of a musical controller. Similar
to the ribbon-controller, the trackpad was designed to be modular and can be snapped to the

keyboard to extend performer’s expressions.

There are several techniques for developing a touchpad, mostly adapted from the current
touchscreen technology: resistive, capacitive, infrared, and surface acoustic wave [69]. The
last two methods involve light transmission and ultrasonic waves and are not feasible for
deformable fabric interfaces with the current smart textile technologies. Since our trackpad
will be used as an extension of the keyboard, single-touch capability with a relatively high
resolution for continuous control is sufficient. Resistive technology is therefore suitable in
this case, and how this technology is adapted to the fabric-based musical interface will be

explored in this section.

Even though there has been a considerable amount of effort on developing resistive-based

fabric touch interfaces, most of them require conductive traces on the finger as a ground
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[35]. Measuring the Cartesian coordinate of the finger therefore requires building and
calibrating a model. This approach is therefore not robust and independent. Inspired by the
maturity of current resistive touchscreen technology illustrated in Figure 4.19, we tested two

approaches: 5-wire and 4-wire configurations in our fabric trackpad design.

(b)

Electrode (circnlar)

Elecirode (Bashary

Topsheet

Linearization Pallern

Cammecting wire

Substrate

Figure 4.19: Electrodes configuration in a) 4-wire b) 5-wire resistive touch screen (reprinted
[70])

The first approach, the 5-wire configuration, was realized by sewing a conductive fabric on
top of a fabric substrate followed by mesh and resistive fabric. Four conductive connections
were then embroidered on each corner of the resistive layer. This structure is presented in
Figure 4.20 below. To measure the coordinate of the finger, the corner points are periodically
set to either represent a low, high, or high-impedance, as shown in Table 4.1. If two
neighbouring points represent the same value, a high for example, the voltage across these
two points should be the same assuming an equipotential voltage distribution on the
resistive layer. Setting the other two points to ground will result in a unidirectional voltage.
This voltage gradient can then be read by the global conductive layer to measure the
position of touch point in an axis. Alternating the voltage gradient to another direction will

give position of the complementary axis.
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Figure 4.20: 5-wire configuration of fabric touchpad; Table 4.1: 5-wire settings for position
sensing

To test the touchpad in 5-wire configuration, we drew two square patterns, one close to the
edge and one close to the centre point, as well as a star pattern. Figure 4.21 below shows the
results of these tests. It can be observed that there is a non-linear behaviour on both patterns
closer to the edges. The non-equipotential voltage distribution across the edge is the reason
behind this. As the touch point is further apart from the voltage source, due to the unequal
resistance distribution across the layer, the voltage starts to drop. To solve this issue, a
linearization pattern as illustrated previously in Figure 4.19 can be applied by sewing
conductive thread in certain patterns across all sides. However, it is rather challenging in

practice since it requires a highly precise, symmetrical pattern across all sides.
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Figure 4.21: 5-wire configuration drawing tests

67



The second approach is shown and explained in Figure 4.22 and Table 4.2. The 4-wire
configuration comprises of two resistive fabrics in between a mesh layer. Conductive
threads were sewn at two opposing sides of each resistive fabric orthogonally to each other.
In this approach, one of the conductive lines on each resistive fabric becomes ADC line
while the other one is set to high-impedance. The other resistive fabric gives a voltage
gradient by setting each conductive line either low or high. This mechanism happens
alternately, as the voltage read by the other fabric pair as an ADC contact represents either

the x or y-position value.

resistive
mesh
resistive

base
B C
A B C D
Initial/Standby | Hi-Z Hi-Z | Hi-Z | Hi-Z
X-Position Vee Gnd Hi-Z ADC/Hi-Z
Y-Position ADC/Hi-Z Hi-Z | Vcc Gnd

Figure 4.22: 4-wire configuration of fabric touchpad; Table 4.2: 4-wire settings for position
sensing

Similar drawing tests were conducted on this resistive fabric trackpad with the 4-wire
configuration. As shown in Figure 4.23 below, it performed better compared to the previous
configuration. There is no problem in voltage distribution anymore since in this 4-wire
technique, two resistive layers are required, and the voltage gradient in both cases now
becomes unidirectional. Some noise can be observed in these raw data; this is mostly
influenced by the blunt contact area from our finger. Nonetheless, the results still show that
this fabric trackpad could read several simple to complex stroke patterns satisfactorily. The
quality can be improved by adding a smoothing capacitor on the hardware or averaging on
the software side. Finally, Figure 4.24 demonstrates a complete design of the fabric trackpad

in the 4-wire configuration integrated with pressure, touch, and proximity sensing.
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Figure 4.23: 4-wire configuration drawing tests
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Figure 4.24: Final structure of the resistive fabric trackpad
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Chapter 5:

Hardware Design and Implementation

5.1 Electric Field Sensing

Our body is a “living antenna” that could couple electric fields transmitted from the
environment. We designed a circuit to specifically sense the electromagnetic noise shunt to
our body from the power line (50-60 Hz) as used in [56]. The circuit is illustrated in Figure

5.1 below. It consists of three stages: trans-impedance amplifier, band-pass filter, and
envelr\na Aotortnr

Cc2
I
]
nF
R3 R2
1 Lﬂﬂ 078 330k0
— C1 R1 ﬂ U4
—+ — o
3 + ° 1 IJF 3.3kQ " _ m
’7 N TLVRIT4HEB —1 1N4149
- TLVR374ID c3 R4
_ | Vhias J_Vcc F22uF 2100k0
— 25V — 5V
—~ e’
Trans-impedance amplifier 50-60 Hz band-pass filter Envelope detector

Figure 5.1: 50-60Hz passive electric field sensing circuit

The trans-impedance amplifier converts the current coupled from our body into voltage as
our finger approaches a conductor. The feedback resistor amplifies the current by a factor of

Ry, as written in Equation 5.1 below.

Vi = —I,x Ry (5.1)
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This signal then goes through an inverting band-pass filter that attenuates unrelated
frequencies and magnifies the signal of interest at a frequency around 50-60 Hz which is the
standard for AC mains hum. The gain and cut-off frequencies are given by,

Ry

Gain = _R_l (5.2)

fa fe, = (5.3)

= 2nR,C,’ 21R,C,

After figuring out all of the components with the standard values, the frequency response of

the circuit was simulated with the result given in Figure 5.2 below.
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Figure 5.2: AC analysis of 50-60Hz BPF

The band-pass filter gives an expected response with the highest magnitude around 50Hz
and Q-factor of 1.6. We used the TLV2374 due to its rail-to-rail input and output capability
and we biased the non-inverting input of the TLV2374 to avoid working in negative voltage
swing. To accommodate this bias voltage, a voltage follower biasing as shown in Figure A .4,

Appendix A was integrated into the circuit design.

Because there are twelve electrodes in our keyboard, a multiplexer is required to sense
electric hum from each electrode. Our first attempt was to multiplex the signals from each
trans-impedance amplifier before the band-pass filter stage (Figure 5.4a). However, there
were some challenges faced around the envelope detector. Due to the slow charging-
discharging, low-frequency of the signal of interest (period of 1.7-2ms), the capacitor in the
envelope detector could not cope with the multiplexer speed, resulting in parasitic voltage
from one reading to another (Figure 5.3a). Changing to a lower capacitor and higher resistor
value (0.22uF,1M) solved this problem (Figure 5.3b). However, care must be taken so that

the time-constant of the envelope detector is in an acceptable range (as given in Equation 5.4;
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fm and f. are modulation, frequency associated with human notion and carrier frequency,

the 60 Hz power line frequency respectively); this is in order to minimise peak clippings and

ripple distortions on the output.

Since there was a lot of compromise with this circuit, we altered the circuit design to Figure

5.4b. Even though this means that the circuit is now larger, the result will give a more

independent signal from each electrode as the multiplexer can now switch at a much faster

rate.
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Figure 5.3: a) Observed parasitic effect in the multiplexing caused by the envelope detector’s

response b) after changing RC values
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5.2 Capacitive Sensing

As previously covered in Chapter 4, the touch and proximity sensing rely on the
capacitance change between our body as a virtual ground and a floating electrode. MPR121
12-pad touch sensor controller was used to measure capacitance from each electrode in this
project. Not only does it have 12 channels that are perfect for one octave keyboard design,

but it also has a good sensitivity and high dynamic range (1pF to 2nF) enabling proximity

detection. Its I2C protocol allows four different addresses; therefore; therefore, the sensor

input is extendable to up to 48 channels and can be extended more with I2C multiplexer.

The sampling interval, which could be as fast as 1ms is sufficient for DMI design.
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Figure 5.5: MPR121 capacitance measurement (reprinted from [72])
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There are different ways of measuring capacitance; most of the methods use frequency-
based oscillator circuit, time response of charging/discharging cycle, or charge
measurement. The MPR121 works by measuring the voltage given by charging each
electrode for a specified time and current. These current and time variables should be
carefully set depending on the electrode design and stray capacitance; given a 10-bit ADC
(1024 discrete values), the sensor therefore could detect a capacitance change as low as
0.01pF from a 10pF steady state. Trial and error tests were conducted to find the most
suitable setting of these variables by observing the ADC steady value until it reaches its
maximum, which is 1024. As a finger approaches, some of the charged current gets coupled

to our body, reducing the voltage output from its steady value.

The touch/release detection works by real-time comparison of electrode data and an
adaptive baseline value. There are three levels of filtering involved in the process; the last
filter deals with a very low frequency that represents a slow capacitance change. This slow
change is mainly caused by long-term use and environmental change and defines the
baseline value. Setting touch/release thresholds to high values avoids capacitive noise from
the environments, but could delay the touch/release detection and vice versa for low
thresholds value.

This controller could also detect proximity if set carefully, setting a low threshold value also
enables proximity/release detection. Moreover, the MPR121 features a multiplexed sensing
configuration or the ‘13" electrode that combines all the pads from each channel to
represent a large sensing surface. As previously tested in Chapter 4.1.2, using this
configuration considerably boosts the sensitivity of the sensing electrodes to proximity with
a compromise of multiplexing all pixelated electrodes into one, hence not knowing the

hand’s position across the keyboard as a poly-proximity instrument.

5.3 Resistive Sensing

Most of the fabric sensors in this project, including the pressure, stretch, ribbon-
controller, and touchpad, require resistive-based sensing to convert physical movements to
digital values through the ADC. Figure 5.6 provides the most common circuits for resistive-
sensing with their corresponding equation. Sensitivity, gain, linearity, power consumption,
and voltage biasing are some of the factors involved in the design of resistive sensing

circuits.

Non-inverting amplifier and current-voltage converter configurations have settable gain
and linear response to resistance change; however, they need voltage biasing, which adds
more complexity to the circuit design and because of this, could not utilise the whole
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available range of voltage swing. Wheatstone bridges on the other hand, are mostly used to
detect a small change in resistance with high precision; for example, from a strain gauge or
thermometer. Since based on the characterisations, most of our sensors give a considerable
change and dynamic range, it is not necessary to use this approach, as it will require at least

three resistors with a signal conditioning and amplification stage afterwards.
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Figure 5.6: Resistive sensing circuits a) potential divider b) trans-impedance amplifier c)

non-inverting amplifier d) wheat-stone bridge

We used voltage divider with buffer circuit in this project as sensor linearization and
amplification can easily be done through software. Power consumption is one of the biggest
concerns in using this configuration. However, this only applies to low-resistance sensors as
our fabric sensors perform on a high kQ range (Chapter 4). The focus was then to find the
value of reference resistor that could give the best output sensitivity to maximise the
resolution of the sensor reading irrespective of the number of ADC bits and voltage supply.
Assuming that a sensor has resistance range from 10k to 100k ), we can examine Figure 5.7
to find the differential voltage between voltage outputs of a resistive sensor value with 10k

and 100k Q as a reference resistor. We can observe a maximum point in this differential
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voltage output that corresponds to the optimal reference resistor value. By differentiating

this function,

d
E (Vmax - Vmin) =0 (55)

i( Rmax _ Rmin ) =0 (5.6)
dR\Ryax + R Rpin + R

We can get this equation,

R,; R
min —— max - -0 (5.7)
(Rmin + R) (Rmax + R)

Rearranging and solving Equation 5.7 gives optimum value of the reference resistor, which

is given by,

R = vV Ripax X Rppin~ (5.8)

Plugging 10k and 100k Q to this equation gives reference resistor value of 31.62k Q as
extrapolated by the maximum point in Figure 5.7 to the x axis. Therefore, providing a prior
knowledge of the working range of a sensor, this equation can be used to find out the

optimal reference resistor in a potential divider circuit.

Finally, to accommodate the change of multiple resistive sensors, we integrate a multiplexer

to subsequently connect each sensor to the read-out circuit, as illustrated in Figure 5.8.
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Figure 5.7: Voltage outputs of a resistive sensor value with 10k and 100k € reference

resistors and the differential voltage output
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Figure 5.8: Multi-resistive sensing mechanism

5.4 ADC Interfacing

To get the most accurate analogue-digital conversion, the ADC limitation must be treated
carefully. At the interface between voltage to be read and the ADC input, we need to ensure
that the source impedance of the circuit is within the acceptable range. Figure 5.9 shows the

equivalent sample and hold circuit of the ADC in series with source impedance.

Rs Rsample

R -

‘ ——
vin Csample

Figure 5.9: ADC sample and hold circuit diagram (reprinted [72])

From the SAMD21 datasheet, the ADC frequency (minimum sample-hold time), number of
bits, sampling capacitance, and input channel source resistance define the acceptable source

impedance as in Equation 5.9 below,

Ts
Rs +R < 5.9
N sample Csample % 1n(2") ( )

Assuming a 10-bit ADC with frequency of 2MHz, and by plugging in the other variables
Csample and Rggmpie based on value specified on the datasheet, we find a maximum source

impedance of 17kQ. A potential divider circuit’s source impedance is given by R || R,.f.
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Since most of our sensor range in hundreds of kQs, they will mostly be outside this limit.
Therefore, a buffer circuit is needed on every read-out, as it separates both circuits from
loading effects and provides low source impedance to the ADC.

5.5 PCB Design

The hardware was designed using Eagle PCB with the circuit schematics, layouts, and 3D
visualisations provided in Appendix A. Based on the design of our fabric keyboard, we

fabricated two different boards with their own features as shown in Figure 5.10.

Figure 5.10: Adafruit Feather MO Wi-Fi, StretchyKeys, and ThereminKeys (from left to right)

The first board (StretchyKeys) on the left consists of:

e 2x 12 touch and proximity sensing channels
(12 for the keys, the other 12 for miscellaneous use such as ribbon controller,
trackpad, fur, or keyboard controls/settings)

e 12 pressure sensing channels

e 6 stretch sensing channels + 1 additional stretch sensing channel

e Trackpad channels

e Ribbon-controller channels

e Stroke sensing channels

The second board (ThereminKeys) on the right consists of:

e 12 electric field (hum) sensing channels
e 12 stretch sensing channels + 1 additional stretch sensing channel
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e 12 pressure sensing channels

The second board is twice as large as the first because of the 50-60Hz field sensing circuit
which took a considerable amount of space.

Both of these boards have configured pin-headers for stacking the main hub and connecting
it to the fabric controller through a customized fabric ribbon connector. We used an Adafruit
Feather MO Wi-Fi, as the main hub as it is miniature (5.36 x 2.3 cm) and comprises 48MHz
microprocessor, Li-Poly battery charger, USB connections, power management circuit, and a
Wi-Fi module, giving us flexibility in using either wired (Serial or MIDI) or wireless (OSC)
protocol. We chose Wi-Fi because of its direct approach to interfacing with OSC through
UDP. These headers are also compatible with other Feather modules, such as BLE or RF,

enabling us to change communication protocol as necessary.
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Chapter 6:

Sensor-Computer Interfaces
and Musical Mappings

6.1 Digital Musical Instrument Model

An electronic musical controller can have a direct interface of controlling a sound; for
example, in analogue synthesizers where knobs and sensors directly manipulate and shape
an audio signal that in the end drives a speaker. Another approach that has become common
is to separate the controllers and the sound synthesis, by communicating through a general
protocol such as MIDI or OSC. We use this digital approach instead since these protocols are
widely used and allow performers to customize the musical parameters of each sensor and
to map these parameters based on their preferences using any existing audio synthesis

software.

Figure 6.1 below represents the principle of the instrument developed in this project. The
gestural controllers include the main fabric keyboard with additional extension such as
ribbon-controller, trackpad, and stroke. The controllers convert each sensor’s response to

meaningful signals that are then converted by the hardware to digital values.

GESTURAL CONTROLLERS SENSOR-INTERFACE

INPUT GESTURES MAPPING

I G

PRIMARY FEEDBACK (PHYSICAL)

& I

~

SECONDARY FEEDBACK (AUDITORY)

SJOUND MAPPING AND
PRODUCTION

Figure 6.1: From gestures to sound and effects
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The sensor data will firstly be converted to match the specification of a certain protocol
(MID], for example). A message will be then populated using these data and an address
containing a status, channel, and any other marker data depending on the protocol used.
The message is then received by audio software in a computer. This software could be either
an audio synthesis environment, such as PureData or Max/MSP, or audio sequencer
framework such as Ableton Live or GarageBand. The software will then process this
message and generate or control a particular sound based on its patches or mappings,
providing a feedback to the performer. We will discuss and compare three approaches of
sensor-computer interfacing with sound mapping in this section. Figure 6.2 shows the
performance setup of the StretchyKeyboard. The fabric-based musical controller is plugged to
a PCB, which reads all of the sensor data and populate them to data packets (in this case,
MIDI messages) on board. These packets are then sent to the computer and recognized by an

audio software (in this case, Ableton Live).

PCB sending MIDI through USB

Snap connectors for attaching

3 Itrackpad and ribbon controller

Embedded stretch sensors x5 ( 1 left, 1 right, 2
bottom, 1 in-between keys)

Touch/Proximity/Electric Field Electrode x12

Figure 6.2: The fabric keyboard connected to Ableton Live through MIDI

6.2 Direct Serial Communication

In this approach, we use personalised data structure and transmit the data collected from
the sensors by the microcontroller to the computer using serial communication (hardware
UART). Max/MSP will then receive and parse these data into chunks before triggering or

giving expressions to a synth patch.
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6.2.1 Data Collection and Transmission

The data collection per key takes around 1.46ms while the whole lot of packet (consisting
touch, proximity, pressure, and stretch sensor data for one octave keyboard) collection takes
17.5ms. This latency is mainly caused by ADC readings, multiplexer switching, and
MPR121 charging time per key. We defined our Serial baud-rate as 115200 bps. Adding the
transmission cycle (1.5ms) gives a total data transmission and collection cycle of 19ms

resulting in “StretchyKeys” overall frequency of 53 Hz while *ThereminKeys’” runs in 62 Hz.

6.2.2 Data Structure

(address) | (space) | (bool) | (space) (int) (space) (int) (space) (int) |412
a touch proximity pressure stretch
1 byte 1byte | 1byte | 1byte | 4bytes | 1byte | 4bytes | 1byte | 4bytes

keys

Figure 6.3: Sensor data packet on each key

Based on the figure above, one key takes 18 bytes; for a packet which contains 12 keys, the
total bytes is 216. There are a few redundant bytes, since we only use 10 bits ADC. However,
cutting or rearranging these bytes will not reduce the latency significantly, as most of it is
wasted on the data collection. It will also overcomplicate the next step because this structure

makes data parsing and mapping easier and manageable.

6.2.3 Max/MSP Implementation

Figure 6.4 shows a screen capture of the Max/MSP patch that receives inputs from
the microcontroller through serial communication. The route function parses each key based
on its address. The parsed packet will again be split into chunks with the “unpack” function.
Each sensor element is then processed and passed through a synth patch. In this example,
the detection of touch generates a wave of choice, which is a phasor with a particular
frequency. The pressure data then provides gain to this wave, modulating its amplitude.
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This approach is compelling in a way that it allows full flexibility of sound generation and
shaping. In max, one can synthesize and control essentially any kind of sound with any
technique. However, this requires a significant effort in programming and is restricted in

interoperability compared to other methods.
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Figure 6.4: Max/MSP patch to parse data packets to each modality and feed the sensor data
to a digital synthesizer

6.3 Musical Instrument Digital Interface

MIDI is a standard which enables electronic musical controllers, computers,
synthesizers, and other devices to communicate with each other. Each protocol message, as
shown in Table 6.1 below, has several bytes containing message type, channel number, and
its data. From these specifications, we can recognise the limitation of aging MIDI standard; it

only allows a maximum of 16 channels and 0 — 127 range of discrete values.
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Message Type MS Nybble LS Nybble Number of Data Byte 1 Data Byte 2
Data Bytes
Note Off 0x8 Channel 2 Note Number Velocity
Note On 0x9 Channel 2 Note Number Velocity
Polyphonic Pressure OxA Channel 2 Note Number Pressure
Control Change 0xB Channel 2 Controller Number Value
Program Change 0xC Channel 1 Program Number -none-
Channel Pressure 0xD Channel 1 Pressure -none-
Pitch Bend OxE Channel 2 Bend LSB Bend MSB
(7-bits) (7-bits)
System OxF further variable Variable Variable
specification

Table 6.1: MIDI Status Messages (reprinted [73])

6.3.1 Data Collection and Transmission

In this approach, all of the sensor data (0-1023) are initially mapped to fit MIDI
parameter values (0-127) before transmission. Since MIDI supports sending discrete control
such as note on/off and continuous controls such as polyphonic pressure, channel pressure,
and control change, we can effectively send MIDI messages based on their context. For
example, note on and off messages can be triggered only if there is a change in a variable
rather than constantly sending its values every period. Related events, such as
polyphonic/channel pressure and pitch bend, can also be set only with touch events. This
implementation reduces the transmission load of the system; therefore, improving its data-

rate and latency.

The time it takes to cycle through the main data collection process is 17.5ms; this is the time
period when no physical interaction occurs (no detection of touch and proximity). When all
sensor modalities are triggered (including the stretch and pressure), which is the worst case
scenario, the time period becomes 19.33ms, which includes both data collection and
transmission cycle. Extending the keyboard with additional controls, such as trackpad and
ribbon controller, increases the time wasted between cycles to 20.6ms. The overall frequency
for the keyboard with its extension therefore ranges from 49 — 57Hz based on the activity
performed.
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6.3.2 Data Structure

Table 6.2 provides on-board mapping of each sensor’s data to MIDI messages. It is
evident that these are customizable and could change depending on the intended

interactions.

In this particular example, the proximity could trigger discrete notes as our hands approach
certain keys and modulate them as they get closer until they fade away. The note number is
predefined in the code. Touching a key will also trigger a note number with velocity
calculated by the pressure sensor after a certain delay (velocity delay). Since each key has its
own pressure sensor, the keyboard also supports polyphonic after-touch/pressure that is
activated after an expression delay which is currently set to 1s. The stretch sensors can be set
to MIDI CC messages that will correspond to certain effects (filter resonance, frequency,
glide, reverb, amp, distortion, et cetera) assigned in the audio software or pitch bend. The
additional controls, such as ribbon-controller or trackpad, can be mapped as an independent
instrument since it is integrated with touch and proximity sensing or as a keyboard

complement with CC/pitch-bend messages.

Sensing Modality | Data Number of | Channel Message Type Converted Data
Sensing
Elements
Touch Bool 12 1 Note Off/On Note Number
Pressure Int 12 1 Note Off/On Velocity (0-127)
Int 1 Polyphonic/Channel Pressure (0-127)
Pressure
Proximity Bool 12 2 Note Off/On Note Number
Int 2 CC Value (0 - 127)
Stretch Int 5 1 CC/Pitch Bend Value (0 — 127)/ MSB (0-127)
Ribbon-controller
Position Int 1 1 Pitch Bend MSB (0-127)
Touch/Proximity Int 1 3 Note/CC Note Number / Value(0 — 127)
Trackpad
Position Int 2 4 CC Value (0 - 127)
Touch/Proximity Int 1 4 Note/CC Note Number / Value(0 — 127)

Table 6.2: MIDI mappings of ‘StretchyKeys’
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6.3.3 Mapping with Ableton Live

After the MIDI messages are sent, it will be recognised by the audio sequencer
framework to produce sound based on its mappings. We used Ableton Live 9 Suite which is
a common tool for instrumenting, mixing, recording, and composing music for live
performances. The GUIs to map MIDI messages in Ableton Live are shown in Figure 6.5 and
6.6 below; essentially, all “knobs” and controls can be easily mapped to a MIDI stream.

record2.1 [proxtouch]

e m— (o What's New in Live 9
[ruto] [or]

[Auto] [Auto]

[Master __ v||[Master _ wliEaOout  w]j[Est Out ___ v[j{Master _____+]
itz viflitz

A Tour of Live
Recording Audio

Creating Beats

Playing Software Instruments

Figure 6.5: Ableton Live main GUI. In this example, three instruments (Column 1-3) are
mapped to MIDI Channel 2 (Proximity) and 3 (Touch). Column 4 is used to record
performances while Column 5 is used to map Audio Effects (Amp and Spectrum in this
case). The bottom Soft Strings and Analog panels are intrinsic controls of each instrument
which can be mapped to MIDI CC messages. We mapped ‘Filter Freq’, ‘Filter Reso’, and
‘Motion” controls to our stretch sensors. On the top left corner, MIDI button can be used for

parameter mapping (go to Figure 6.6)
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[ X X} record2.1 [proxtouch]

A-Amp | Spectrum | A... Dry/Wet

Figure 6.6: In this MIDI parameter mapping panel, we can see all of the MIDI channels
currently used and its corresponding Path/Controls. Parameter mapping can be done by
pressing any available control (shown in purple) and correlating it to a MIDI message (by

triggering the controller).

Although the MIDI standard has become widespread and its revolution has made it easy for
us to map MIDI messages to audio software with a large library of sounds, instruments, and
effects, the implementation is still somewhat confined, especially for continuous controls. It
has predefined parameters and only allows a maximum of 16 channels and 0 — 127 discrete
levels. This limitation brings us to the last section of this chapter, the Open Sound Control
protocol.

6.4 Open Sound Control

The Open Sound Control (OSC) [79] is a one of the current protocols that resolves the
shortcomings of the MIDI standard. This protocol is high-level and enables user-defined,
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dynamic, hierarchical message structures with high resolution data. This approach is also
particularly interesting in this project as OSC messages can be sent through the internet
using UDP/IP. Since there is an increasingly number of audio software supported by OSC
implementations (such as Max/MSP), we are interested in using this protocol to send sensor
data through Wi-Fi, allowing wireless communication between our keyboard and the

computer.

6.4.1 Data Collection and Transmission

The OSC data management works quite similarly as before with MIDI
implementation. A message is sent if there is an event and then periodically sent if it belongs
to a continuous controller. The differences are now in the message structure and size, which

do not have any constraint under the OSC.

To measure the latency of the transmission, as shown in Figure 6.7 below, we sent a data
packet to a Max/MSP patch which then rebounded it. The time it takes from sending this
packet to receiving it back again gives us the round-trip delay. Assuming that the
transmission latency is half of the round-trip delay, the total latency of the system is,

Lround—tri
_ 14
tworst latency — tcollection + 2 (6-1)

Since the mean of the histogram in Figure 6.7 is 8.5ms, and the worst latency of data

collection is 19.33ms, the total latency of the system could then range from 4.25 to 23.6ms.
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Round-trip delay (ms)

Figure 6.7: Round-trip delay histogram of Feather MO Wi-Fi under-test
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6.4.2 Data Structure and Sound Mapping

The data structures of OSC are open-ended with URI-styling. We set each address as
a string of characters containing a main parameter with its sub-list as shown in Table 6.3
below. It is followed by the value, which could either be a floating number or signed

integers.

Address 1 Address 2 Value type
touch/ 0-11 Int
proximity/ 0-11 Int
pressure/ 0-11 Int
stretch/ 0-4 Int
trackpad/pos/ | x,y Int
trackpad/ prox Int
trackpad/ touch Int
ribbon/pos/ | x Int
ribbon/ prox Int
ribbon/ touch Int

Table 6.3: A customized header and mappings for OSC packets

Since most of current audio software supports OSC, such as Max/MSP, we can receive these
messages through a local wireless network by using “udpreceive” and parse it with “route”
function with a similar process as explained in Figure 6.3. The total flexibility of OSC, unlike
MIDI, however prevents it from being adopted universally. The fact that people could
define their own data structures reduces this approach’s interoperability. Therefore, a
standardized dialect such as SYN has been proposed in order to fill this gap of

inconsistencies [80].
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Chapter 7:

Results and Evaluation

7.1 Multi-modal Fabric Sensate Surface

In this project, we explored the design and implementation of a multi-modal fabric
sensate surface for physical interaction media and produced working prototypes. The
concept is a soft surface that is not only flexible but also stretchable, extending its panoply of
novel interactions. To realise this, all of the materials we used, either functional or not
(except the conductive threads), are made out of stretchy, knitted fabrics. Conductive
threads were machine-sewn to provide interconnects from all of the sensors to the main hub.
Some of the threads were also sewn in serpentine structures around the region of stretch to
avoid interconnects breaking. Twelve fabric keys were patterned with multi-layer textile
sensors consisting of a floating conductive fabric followed by a fabric pressure sensor.
Stretch sensors were also embedded around this fabric. The multi-layer configuration allows
the keys to individually detect proximity, electric-field (hum), touch, pressure, and stretch.

Figure 7.1: The multi-sensory fabric keyboard a) top b) bottom-view
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To show the capability of this fabric sensate surface, several tests were executed on each
modality in response to different stimuli. Figure 7.3 shows each key response to touch as a
binary state. The touch sensing relies on the feature of MPR121 touch controller which
involves adaptive baseline tracking with thresholding. As demonstrated in Figure 7.3, it is

also capable of detecting multi-touch events.

The large area of each floating conductive fabric in this sensate surface enables near-
proximity detection on each electrode by carefully setting the charging current and time of
the MPR121. Since bigger electrodes result in a much higher sensitivity, as previously
characterised in Chapter 4.1.2, each electrode could detect up to 20 cm of hands-approaching
(with 12x12cm electrode); using typical key size (12x2cm) reduces the maximum distance to
12cm. However, in implementation, the sensitivity drops even lower to 5-8cm (Figure 7.4),
mainly because of the use of bare conductive threads and the potential influence of the
interconnect resistance that could relate to parasitic capacitance. Figure 7.2 shows the result

of the total resistance characterized between each sensor and its sensing channel.

B Interconnects resistance Bonding resistance

50
375

25

Resistance (Ohm)

Key Number

Figure 7.2: Total resistance on each routing

The total resistance includes both the interconnect’s resistance and their contact or bonding
resistance to the sensor and the main header. The most contribution is made by the contact
resistance, which can be solved by sewing more loops with stronger tension or by using
different types of thread which can be soldered easily. The routing resistance has a very low
influence on the pressure and stretch sensors, since both of these sensors have a much

higher resistance change.

Besides the multi-proximity sensing, another interesting feature of the MPR121 is the
multiplexed sensing, that enables higher sensitivity to approach (up to 25cm) by combining

all the pixelated electrodes into one single large sensing surface as explained in Chapter
4.1.2.

The fabric pressure sensors made out of piezo-resistive fabrics were designed so that they

are uniform in baseline values (starting with an open-circuit state) without compromising
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much of their sensitivity to lower pressure from using a mesh fabric separation. The mesh
fabric used in the end is a thick knit mesh which gives much more sensitivity to soft presses
due to its large spacing. Figure 7.5 presents the response of fabric pressure sensor on each

key to single press, multi- press, as well as expression.

We also studied the characteristic of different piezo-resistive fabrics in response to strain and
discovered the best knit-structure for fabric stretch sensors (Chapter 4.1.5). These fabric
stretch sensors were then sewn around the sides of the fabric and in between the keys as
shown in Figure 4.1b. Instead of having stretch sensors on every gap between each key, to
reduce the implementation effort, we customised and sewn a long stretch sensors with
conductive fabrics embedded at the pressure sensing location (zebra-cross pattern) to avoid
parasitic influence from the pressure applied to the stretch sensor. The response of each
stretch sensor and the whole fabric to stretch is shown in Figure 7.6. Notice that when
stretched horizontally, the stretch sensors on the right, left, and in between the keys are all
affected; therefore, the system can differentiate between stretching specific sides of the

fabric, stretching between the keys, and stretching the whole fabric.

Another modality we have is to detect electric field strength generated by the mains hum
coupled through the player’s body. Each of the floating conductive fabric patched each key
acts as a sense electrode where it is constantly reading current from our body due to the
electromagnetic noise coupling. Since our body acts as a shunt or an antenna, by touching
these electrodes with one hand while simultaneously reaching towards a field transmitter
with the other (a simple light bulb works reasonably), we could also control the amplitude
of the reading as shown in Figure 7.7. Therefore, this electric hum detection could not only
detect touch but also other hand’s coupling distance to a transmitter. It can be observed in
the figure that there is a challenge faced in this approach when dealing with multi-sensing.
Touching several keys simultaneously results in an equal voltage level drop on each sensing
electrode based on the current sharing principles. However, some offsets still exist and we
can calibrate the threshold to the lowest amount when all keys are pressed simultaneously.
Detecting electromagnetic noise is thus a challenging process, since the strength of this field
varies across different areas and environments; calibrations must then be done regularly.

This modality will tend to be used for relative rather than absolute sensing.

Finally, Figure 7.8 provides all of the multi-modal sensor data (proximity, touch, pressure,
and stretch) as two fingers strike and stretch two keys (key A and B). All sensors detect our
fingers well as they are approaching, floating on the air, touching, pressing, as well as

stretching both keys simultaneously.
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Figure 7.3: Single-touch and multi-touch (poly-touc h) test on all of the keys
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Figure 7.4: Capacitance sensing (proximity) as one hand hovers around the keyboard (~5cm)
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Fgure 7.6: Individual stretch and multi-stretch sensing (stretching the whole fabric)
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Figure 7.8: Multi-modal sensor data of two keys as two fingers interact with them

We also developed a fabric-based trackpad and ribbon-controller for position sensing as
shown in Figure 7.9. We used the combination of conductive, mesh, and resistive fabric
inspired by the current resistive touchscreen technology to realise these fabric controllers
(Chapter 4.2). Table 7.1 compares the resistive fabric trackpad characteristics with other
methods such as capacitive grids. Trackpads based on surface capacitance requires a more
complex system and is prone to parasitic capacitive coupling. A projected capacitive
trackpad with interpolation gives a very high resolution and sensitivity with multi-touch
capability; however, has a high implementation effort [69]. For a single touch purpose with
the least amount of complexity, the approach discussed here is the most suitable since it
gives a high resolution trackpad (depending on ADC resolution) with the least system
complexity (4 interconnects) on any given touch area. However, since our finger has a

relatively large contact surface, such a high resolution might not be necessary.
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Figure 7.9: The fabric trackpad and ribbon-controller

Resistive Fabric Trackpad Other Fabric Trackpad
(4-Wire) (Grid)
Resolution High Medium
depending on ADC bits depending on size of grid, and technique
Area Could be as large as possible with only 4 Larger size requires more grid lines

connection lines

Complexity Low (Only 4 interconnects ) High (M + N interconnects)
Single/Multi-touch Single Single/ Multi
Sensitivity to touch Low High

Table 7.1: Comparison of 4-wire resistive trackpad with grid-based capacitive trackpad

On the hardware side, we built two versions of PCB: one for the multi-touch and proximity
sensing with MPR121 (StretchyKeys) and the other one for electromagnetic noise sensing
with custom analogue circuits (ThereminKeys). Both PCBs are integrated with multi-pressure
and stretch sensing. The hardware USB data-rates for reading all of the sensor data is 53 Hz

and 62 Hz while the maximum latency is 19.33 ms and 16 ms respectively.

7.2 MIDI Fabric Keyboard Controller

After the textile and hardware developments were completed, we then proceeded to
the software development, which involves sensor-computer interfacing and sound mapping.
We implemented several approaches of data transmission using a Serial UART, MIDI, and
OSC (Chapter 6). At the end, we decided to focus on MIDI development while taking into an
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account its interoperability, throughput, and wide software support. Ableton Live 9 was
used to map MIDI messages to instruments and audio effects.

7.2.1 Example Interactions and Mappings

As described in this section, we developed many musical mappings to experiment
with this novel controller. Video examples of these performances can be seen at

(http://resenv.media.mit.edu/#Projects#StretchyKeyboard )

Figure 7.10 to 7.13 present several interactions that have been developed with this
deformable musical interface. Transforming the physically rigid and bulky keyboard into
stretchable fabric with multi-sensory capabilities allows discrete, conventional keyboard
play with multiple new continuous types of expression. Figure 7.10a shows a finger striking
a key; besides the discrete touch sensing, the fabric pressure sensor embedded inside each
key can emulate a piano, measuring velocity of key-strike as well as giving after-touch
effects such as tremolo or vibrato. The stretch sensor sewn in between the keys (Figure
7.10b) senses how far pressed keys are stretched against each other, enabling a novel
expression that combines both discrete and continuous controls in one hand. Several stretch
sensors sewn around the edges of the fabric (except the top side) provide additional stretch-
mode controls (Figure 7.10c-f). In these figures, one hand is playing the keyboard while
another pinching or stretching it in specific direction. Besides mapping them to pitch, which
resembles the tactile feedback of the stretch sensors, we also mapped timbral, dynamic, and
tempo variations such as filter frequency, resonance, reverb, and distortion to the MIDI CC

messages that correspond to these stretch sensors.

(a) (b)
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Figure 7.10: a) pressing a key b) pressing keys and then stretching it sideways c-f) pressing
keys while stretching the fabric

We can also pinch the keys or squeeze the fabric after pressing the keys (Figure 7.11a). This
would result in a much stronger pressure and possibly a parasitic influence to the stretch
sensors embedded between the keys giving two dimensional control to the sound generated.
Another potential gesture is stretching the whole fabric, which influences the three stretch
sensors horizontal to the fabric (Figure 7.11b); in this case, to modulate an echo. One can also

further improvise, by lifting the fabric up before stretching and twisting it (Figure 7.11c-d).
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(d)

Figure 7.11: a) squeezing b) stretching c) lifting and stretching d)twisting the whole fabric

The multi-modal sensing on each key also enables us to explore non-contact gesture sensing.
We have two scenarios of non-contact sensing as shown in Figure 7.12 below. The first one is
proximity sensing where each key responds to approach; in our implementation, an
approach triggers an instrument or an ambient sound. The other non-contact gesture
sensing requires EMI source in our vicinity, as it senses the electromagnetic noise generated
by it. This modality combines both physical and non-contact gestures, as one of our hands
plays the keys and the other modulates the sound by waving towards, against, and around

the source (any unshielded appliance will work as a source).

Figure 7.12: Non-contact gestures a) proximity b) e-field sensing by waving towards a source

The development of modular extensions allows performer to snap other fabric interfaces as
they perform; in this case, ribbon-controller and trackpad. Both interfaces can either be
independent instruments or keyboard expressions. Ribbon-controllers have been widely
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used to bend or modulate frequency so we used it as an expression (glissando) while we
implemented the trackpad as a complement generating sound and effects with its two
dimensional controls (Figure 7.13). There are even more interactions that could be possible
with this modular and deformable musical interface; for example, by combining several
modalities, combining physical with non-contact gestures, or transforming between them.
Developing a fluid interaction between each modality as they transition, however, requires

further studies and explorations in HCI.

Figure 7.13: a) Pitch-bending a sound by sliding through the ribbon controller b) generating
two dimensional effects with trackpad as we play the keyboard

7.2.2 User Experience

The fabric keyboard was exhibited and demonstrated at the MIT Media Labs’ annual
Fall Members Week 2016, where our industrial sponsors and other visitors, some of whom
were artists and musicians, could play this controller and give feedbacks. We implemented
the discrete touch and all of the stretch sensors during this opportunity. Most of the visitors
showed some kind of astonishment when they felt how soft the fabric controller is and that
it is also stretchable. Some people who had watched the demo video of this keyboard went
straight to play and stretch the fabrics and keys with their hands, but still felt uncomfortable
of how they should stretch the fabric, since the stretch sensors are hidden behind. Therefore,
some signs or cuts should be added to show where the user can stretch the fabric.

Most people were stretching the fabric to control the sound instead of producing it, which
matches our intentions. One interesting observation was to relate the sound as an
embodiment of the physical state of the fabric and its sensors. Since all of the fabric sensors
are embedded to the fabric substrate, stretching the whole fabric could dampen the response
of the pressure sensor by somewhat as the piezo-resistive fabric is also stretchy; this also
applies vice versa to the stretch sensors. The initial non-linearity in response of the stretch
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sensors also gives a unique characteristic to the sound. Moreover, when stretched
constantly, especially outside its allowed range, the stretch sensor’s response could shift and
calibrations are then necessary. This is similar in how we tune our guitars, but instead of

physically turning a peg, we digitally calibrate it in software.

Even though physical interaction on deformable interfaces can be detected with cameras, it
is still a challenge to simulate a complex gesture and adapt to physical change of the
material accurately [74]. The vision sensing setup could also be troublesome for active
performances where there are a lot of subtle-but-important movements both on the
performer and the instrument that are hard to remotely detect. Self-aware materials should
have its receptors and processors in or on itself, mimicking the biological skin. Therefore, the
intrinsic electrical and mechanical properties of the fabric sensors and the substrate make

this deformable musical interface unique and interesting in its own way.

7.2.3 Qualitative Analysis

There are several things that could have been improved in the development of this
fabric-based musical controller. It was experienced that the touch sensing could sometimes
get stuck in one state and the hardware needs to recalibrate to solve this issue. This issue
happened mostly because of the dense network of interconnects going through the fabric
from PCB to each sensor. Since we used bare conductive threads, some of these threads
could get “hairy” after they are sewn. They could then form accidental short-circuits to the
neighbouring interconnects especially when the fabric is actively moved or worn. The
MPR121 controller also suggests keeping minimal length and resistance from the pin to the
sensor; some parasitic capacitance from the environments could then easily affect the
detection if we use bare conductive threads. Encapsulation might solve this issue, but the
most straight forward way is to use insulated conductive threads. There are several
conductive yarns produced by winding insulated copper wire with common threads, but
they are not accessible and might not be machine-sewable. Using insulated conductive
thread, or even better, shielded conductive thread would also improve our proximity

sensing as currently, it is most-affected by the bare interconnect lines.

Another thing that could be improved is not related to the technical side, but more to the
design. To allow more extension as we stretch the keys, we created a gap in between them;
however, these gaps expanded the active surface area of the keyboard making it relatively
hard to play chords. Choosing a more stretchable base fabric while reducing the gap

distance could possibly keep the keyboard active area manageable.
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In terms of latency, our worst-case scenario which is around 20ms is acceptable for electronic
musical controllers, as Lago and Kon defines the maximum limit of 30ms [75]. Although for
staccato keyboard performance, delays should be on the order of 1ms. The effective latency
however could be a little bit higher than this, as we have not considered the latency in the
software processing side. To minimize this, further efforts can be done: by reducing the
ADC resolution and cycles perhaps, or using a faster microprocessor with more ADC pins to

reduce the multiplexing load.
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Chapter 8:

Conclusions and Future Work

8.1 Conclusion

With this work, we present StretchyKeyboard: a multi-modal fabric sensate surface as
a deformable musical interface. Twelve keys comprising a multi-layer of fabric sensors
(proximity, touch, electric field, pressure, and stretch) were patterned with a sewing
machine on a stretchable fabric surface. To complement this fabric keyboard, other fabric
interfaces such as ribbon-controllers and trackpads were developed. These fabric interfaces
are modular and can be snapped to the main keyboard controller. Our design separates the
soft-circuit portions (smart fabrics) from rigid-circuits (circuit boards) allowing easily
customizable hardware. Supported by MIDI protocol, the fabric keyboard can be connected
to any audio synthesis or sequencer software and mapped to essentially any instrument,

sound, or effects the way we wish with endless possibilities.

StretchyKeyboard is interesting and unusual, since it combines the discrete controls of a
keyboard with continuous controls of the embedded fabric sensors. The soft and deformable
nature of this fabric-based musical controller gives a new tactile experience to the performer.
One can play discrete notes with the keys while performing different gestures such as
pressing, stretching, pulling, and twisting simultaneously to expressively shape the sound
generated. Indeed, the performer’s ability to fully explore this fabric enhances the
relationship between the physical interaction and the music, as the fabric deeply embodies
the sound it resonates.

The multi-modal characteristics of the fabric sensate surface also enabled other new novel
interactions in keyboard interfaces. The multi- and multiplexed- proximity sensing brings
non-contact gesture sensing beyond the surface of the keyboard. We also adapted electric
tield sensing at each key, allowing the combination of physical and non-contact gestures as
the performer plays discrete sounds with one hand and waves his or her other hand
towards and against a transmitter for a continuous modulation. Furthermore, the keyboard
extensions we developed, the fabric ribbon-controller and trackpad, could give more
expressive controls to live performance. We believe there are many more new interactions
that could be possible with these fabric interfaces as we further reveal mappings that exploit

them.
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We hope that this work not only inspires new explorations of deformable musical interfaces
and keyboard controllers, but also triggers further developments in multi-modal sensate
surface in novel substrates, especially in textiles, bringing us closer to the vision of seamless,
self-aware, and washable media.

8.2 Future Work

The completion of this project does not stop it from going forward, but it opens more
questions, room for improvements, and new possibilities instead. One octave of keyboard,
even though was challenging to implement especially with its dense interconnects, it
certainly is not enough for most performances. We could then extend the keyboard to two or
three octaves. Making the fabric keyboard wearable will also be interesting as it can be used
either as a common scarf, by unplugging the hardware, or as a wearable instrument by
changing the current hardware to wireless mode. In some cases, the keyboard does not need
to be multi-modal, since the touch and proximity sensing only works reliably when the
fabric keyboard is played on a surface. As we discovered that the pressure sensors are also
sensitive to soft presses or touch, we could use pressure sensing to detect both touch and
pressure instead of capacitance for the wearable version; this will reduce the number of
interconnects by approximately half. The hardware, which currently is in the form of a rigid
PCB, can also be improved in performance (latency) and further miniaturised. It can be

fabricated possibly on flex to minimize the total weight of the system.

It is also important to do further reliability testing especially as the fabric encounters
multiple uses. All the materials we used are washable; therefore, some tests could also be
done to observe the performance of each sensor after multiple washings.

Integration of haptic feedback could also enhance the tactile experience given by this fabric-
based musical controller. Some current possibilities are to use electrostatic force or
embedding PZT/PVDF materials, although these actuations entail high voltages and
associated caveats. There have not been many efforts in seamlessly integrating actuators on
textiles besides heating and display, especially in large surfaces. Combining physical sensing
and actuation together in one substrate would therefore be a compelling research.

Another area we would like to explore is in the musical mappings. The multi-modal sensing
of this fabric-based musical interface gives us rich interaction potentials, both in physical
and non-contact gestures. It is therefore interesting to study the relationship between each
modality and sound and how we can design a fluid interaction and musical experience as
we transition from one modality to another. To support this work, it is recommended to

move from audio sequencer to audio synthesis software such as Max/MSP or Pure Data and
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to continue our work in adopting OSC with SYN dialect. Besides its compatibility with
Max/MSP, OSC will give us freedom to define and control our own interface and give better
resolution of sensor data. The realization of this will provide a canvas for sound artists to

create sonic experiences based on a fabric-based musical interface.

It will also be interesting to add new sensor modalities as we have developed a fabric fur
(stroke sensing) but due to the time-constraint, could not incorporate it to our fabric
keyboard and include it in this thesis. Finally, we would like to improve the ergonomics of

our keyboard, to make it even stretchier as well as to further learn how to best play it.

8.3 Outlook

Mark Weiser (1991) stated that “The most profound technologies are those that
disappear. They weave themselves into the fabric of everyday life until they are
indistinguishable from it” [76]. This vision has galvanized the area of ubiquitous computing,
where abundant information can now be processed in the background as computer
processing power allows it. However, to enable a truly ubiquitous experience, efforts should
also be done in miniaturizing devices and integrating them seamlessly to common objects,
such as fabrics. This project demonstrates the integration of various sensors in textile-form,
resulting in a self-aware fabric that can feel, respond, and be treated the same way as
conventional fabrics. Our limitations in developing a completely textile-based surface
required us to separate the sensory (soft) and the processing (hard) part. We therefore
envision that the next generation of smart textiles will contain dense network of multi-modal
sensors and actuators (heterogeneous) and will be produced in a large scale. This enables
them to conform to any surface, be manufactured into anything (garments, carpets, socks,
gloves, bed-sheets, et cetera) and most importantly, to be programmable. The fact that most
of current smart textiles only have certain functions, and are developed in small quantities

restrains it from being widely-used and developed [77].

To conclude, we are looking forward to the future where electronics can be seamlessly
integrated into fibres and fabrics instead of separated from them. Where circuits, sensors,
and actuators are in nanoscales, harvesting energy, forming a network, working in ambient,
and are invisible to us. After all, the vision of ubiquitous computing will not be entirely

accomplished without its backbone, ubiquitous electronics.
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8.4 Project Management

The initial Gantt chart of the project can be seen in Appendix B, Figure B.1 whereas
the actual implementation timeline of this project is shown in Figure B.2. Based on the
project proposal (Appendix C), the project main goals have been successfully completed. We
even explored further beyond them. We have customized and characterized various textile-
based sensors both electrically and mechanically and used them to develop a multi-sensory
fabric keyboard. We then fabricated two PCBs for different modalities and characterised
their response to several gestural inputs. After that, we implemented MIDI protocol and
send the populated sensor data to an audio sequencer (Ableton Live) to generate and control

different sound and effects.

In addition, we also showed some efforts in adopting OSC for further developments of this
project (a wireless and wearable instrument) and developing other multi-sensory fabric
interfaces such as trackpad and ribbon-controller for simultaneous position, pressure, and
proximity sensing. At the end of this project, we exhibited this fabric keyboard and
performed an elementary user study, by allowing people to perform with it and experience

its sonic behaviour.
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Figure A.2: PCB Layout of “StretchyKeys”

Figure A.3: 3D Visualizations of “StretchyKeys”
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Figure A.7: 3D Visualisations of “ThereminKeys”
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